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Heavy metal ions are toxic, non-biodegradable and carcinogenic, and form a main class of 
pollutants in water and wastewater. Adsorption has been one of the most efficient methods 
for the removal of heavy metal ions, especially at relatively low concentrations. As the 
adsorption medium, amine-functionalized polymeric adsorbents have shown prospect over 
many other adsorbents and received increasing attention in recent years for the removal of 
heavy metal ions. In this study, a focus has been placed on poly(glycidyl methacrylate) 
(PGMA) beads functionalized with various polyamines as the adsorbent. The purpose of 
the study is to investigate the behaviors and mechanisms of the adsorbent in heavy metal 
ion adsorption and their relationship with the immobilized different polyamines. The work 
included the preparation of PGMA beads and their functionalization with a series of 
aliphatic polyamines with increased numbers of amine groups and molecular chain lengths. 
Then, adsorption experiments were conducted with the prepared adsorbent for a number of 
heavy metal ion species. Various advanced analytical technologies were used to 
characterize the materials and elucidate the reactions or interactions and mechanisms 
involved in the various processes.   
 
In the first part of the study, PGMA beads were prepared via the suspension 
polymerization method and were surface functionalized with diethylenetriamine (DETA). 
The prepared PGMA-DETA adsorbent was investigated for copper ion adsorption 
performance. It was found that PGMA-DETA achieved excellent Cu ion adsorption 
performance at higher pH values in the pH range of 1-6, with high adsorption capacities 
and fast adsorption kinetics. In addition, batch Cu ion desorption experiments showed that 
 VII
the desorption kinetics was very fast with a high desorption efficiency in dilute nitric acid 
solution. Spectroscopic studies with FTIR and XPS were conducted to understand the 
adsorption and desorption mechanisms. It was found that copper ion formed surface 
complex with the neutral amine groups during the adsorption onto PGMA-DETA, and 
surface complexation was one of the main adsorption mechanism. It was also found that 
higher acid concentration may not result in higher desorption efficiency of the copper ion-
adsorbed PGMA-DETA, and HNO3 with the concentration of 0.1 M gave the highest 
copper ion desorption efficiency. The desorption mechanism can be explained from the 
combined effects of both protonation-deprotonation equilibrium and Cu ion adsorption-
desorption equilibrium.  
 
Then, a modified suspension polymerization method was used for the preparation of the 
PGMA beads with improved mechanical strength. The PGMA beads were also 
subsequently surface functionalized with DETA. The prepared adsorbent (denoted as P-
DETA) was examined for Cu and Pb ion adsorption through a series of single and binary 
metal species systems, with focus on the selective adsorption performance. P-DETA was 
found to adsorb Cu or Pb ions significantly in the single species systems. It was also found 
that P-DETA exhibited excellent selective adsorption performance towards Cu ions over 
Pb ions, and that the initially adsorbed Pb ions can be displaced by subsequently adsorbed 
Cu ions, when both Cu and Pb ions were present in the solution. The greater 
electronegativity of Cu ions than Pb ions was proposed as the main factor to explain the 
selectivity of P-DETA for Cu ions over Pb ions. The results show that the P-DETA 
adsorbent can potentially be used to effectively and selectively remove and separate heavy 
metal ions.   
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Another attempt has been made to investigate the effects of a series of aliphatic 
polyamines immobilized on PGMA beads for the adsorption of heavy metal ions. PGMA 
beads were prepared as described in the previous work and were functionalized with 
ethylenediamine (EDA), diethylenetriamine (DETA), triethylenetetramine (TETA) and 
tetraethylenepentamine (TEPA), with increased molecular chain lengths and number of 
amine groups. Then the different polyamine functionalized PGMA adsorbents were 
examined for Cu ion adsorption. Elemental, BET, potentiometric titration and XAFS 
(XANES + EXAFS) analyses were conducted. It was found that the immobilized 
polyamine densities decreased from EDA to TEPA, while the amine amounts increased 
with the use of ligands from EDA to TEPA. When the immobilized polyamines were 
coordinated with Cu ions, the coordination number of Cu ion with nitrogen atoms in the 
polyamines followed the sequence of DETA < TETA < EDA < TEPA, and a tetrahedral 
coordination geometry with a nitrogen coordination number of 3-4 was indicated. Hence, 
Cu ion adsorption performance on the different polyamines functionalized PGMA beads 
was dependant on the amine amounts, amine densities as well as the structures of Cu 
complex formed with the polyamine. DETA functionalized PGMA adsorbent was found 
to have the highest Cu ion adsorption capacity than others due to its relatively high amine 
density and low coordination number. 
 
A final attempt was made to examine the selectivity of P-DETA towards a number of 
different heavy metal species including Cu, Co, Ni, Zn and Cd ions. It was found that P-
DETA showed a selective adsorption sequence of Cu > Co > Ni > Zn > Cd ions in the 
single species adsorption systems. XANES analysis revealed a tetrahedral geometry for 
 IX
Cu, Ni and Zn ion coordinated with DETA, while an octahedral geometry for Co ion 
coordinated with DETA. The EXAFS analysis further confirmed that the ratio of DETA 
ligand to the adsorbed metal ion was 1 for Cu, Ni and Zn ions, while the ratio was 2 for 
Co ion. It was also found from the stability constants (in Log K form) of the metal ion-
DETA ligand coordination to follow a sequence of log K (CuL) > log K (CoL2) > log K 
(NiL) > logK (ZnL) > logK (CdL) (MLn: where M denotes a heavy metal ion, and Ln 
denotes the n number of Ligand(s)). This stability constant sequence agreed well with the 
selective adsorption sequence mentioned early, indicating a strong dependence of the 
heavy metal ion selectivity on the metal ion-DETA coordination geometry of the P-DETA 
adsorbent.  
 
In conclusion, polyamine functionalized PGMA adsorbents were successfully prepared for 
the removal of heavy metal ions from aqueous solutions. Diethylenetriamine (DETA) 
functionalized PGMA was efficient and selective for the removal of Cu ions. Acid can be 
used as an effective desorption agent. However, higher concentration of acid may not 
always favor a higher desorption efficiency. Cu ion adsorption performance was further 
studied with different polyamines functionalized adsorbents. It was found that the 
adsorption performance was dependant on the amine densities as well as the Cu ion-
polyamine complex structures. Polyamine ligands with longer molecular chains may not 
always be advantageous for PGMA functionalization to achieve the best heavy metal ion 
adsorption performance. Then, DETA functionalized PGMA adsorbents were further 
examined for the selective adsorption mechanism of Cu, Co, Ni, Zn and Cd ions. It was 
found that the heavy metal ion selectivity was strongly dependant on the metal ion-DETA 
coordination geometry. The study demonstrated that polyamine functionalized PGMA 
 X
adsorbents have good potential for efficient and selective removal of heavy metal ions 
from water and wastewater treatment. This study also provides some guidance on the 
selection of polyamines for the functionalization of adsorbents to achieve improved 


























Table 2.1  Properties of some heavy metals. 
 
Table 3.1  Surface composition of the different types of amine groups on the PGMA-
DETA adsorbents without and with copper ion adsorption at different 
solution pH values, based on XPS analysis results. (Initial concentrations 
for copper adsorption: 0.5 mmol/L). 
 
Table 3.2  Parameter values of the different types of adsorption isotherm models 
fitting to the experimental results in Figure 3.4 for copper ion adsorption on 
the PGMA-DETA adsorbents at pH 5. 
 
Table 3.3  Parameter values of the kinetics models fitting to the experimental results 
in Figure 3.5 for copper ion adsorption on the PGMA-DETA adsorbents at 
pH 5 and different ionic strengths. 
 
Table 3.4  Surface composition of different types of amine groups on the PGMA-
DETA adsorbents after copper ion desorption in HNO3 solutions, based on 
XPS analysis results.  
 
Table 4.1  Pore diameter, pore volume, specific surface area and amine contents of the 
polymer bead and P-DETA 
 
Table 4.2  Surface composition of the different types of nitrogen atom on P-DETA 
adsorbent before and after metal ion adsorption, based on XPS analysis 
results (Nt = N1 +N2 + N3). 
 
Table 4.3  Properties of copper and lead ions. 
 
Table 5.1  Lay-out of L8 (4 × 24) factorial design experiments for the reaction 
conditions of the four polyamine-based adsorbents (P-EDA-x, P-DETA-x, 
P-TETA-x and P-TEPA-x). 
 
Table 5.2  Linear Regression for amine contents by P-EDA, P-DETA, P-TETA and P-
TEPA for 4 × 24 factorial design experiments. 
 
Table 5.3  Linear Regression for copper ion uptake by P-EDA, P-DETA, P-TETA and 
P-TEPA for 4 × 24 factorial design experiments 
 
Table 5.4  Summary of results derived from different characterization methods 
(Elemental Analysis, BET and EXAFS analysis) for all the nine P-Amines 
studied in the paper (for Column 8 (EXAFS), the samples with Cu ion 
adsorbed were used in the characterization analysis). 
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Table 5.5  Titration results and model fitting parameters (different amine group 
contents and pKa values) for the four P-Amine-bs shown in Figure 5.3. 
 
Table 5.6  The possible immobilized polyamine ligand entries (IPLEs) with different 
reaction sites to epoxy of PGMA, for the preparation of P-Amine-bs 
 
Table 5.7  Calculated possible combination of immobilized polyamine ligand entries 
(IPLEs) from Table 5.6. 
 
Table 5.8  Results of the EXAFS fitting parameters for the four P-Amine-bs shown in 
Figure 5.7. 
 
Table 5.9  Results of the EXAFS fitting parameters for the nine P-Amine-x-Cu. 
 
Table 6.1  Parameter values of the Langmuir and Freundlich types of adsorption 
isotherm models fitting to the experimental results in Figure 6.1 for Cu, Co, 
Ni, Zn and Cd ion adsorption on the P-DETA-b adsorbents at pH 5. 
 
Table 6.2  Results of the EXAFS fitting parameters for P-MW. 
 
Table 6.3  Stability constant values (in Log K form) of diethylenetriamine (DETA) 































Figure 3.1  FTIR spectra of the PGMA and PGMA-DETA granules. 
 
Figure 3.2  Effect of solution pH values on copper ion adsorption on the PGMA-
DETA adsorbent and PGMA granules. 
 
Figure 3.3  N1s XPS spectra of the PGMA-DETA adsorbent without and with copper 
ions adsorbed from solutions with different pH values. (N(1) for –NH2; N(2) 
for –NH3+; N(3) for –NH2…Cu2+; N(4) for NO3- ions) 
 
Figure 3.4  Adsorption isotherm of copper ions on the PGMA-DETA adsorbent at pH 
5. 
 
Figure 3.5  Kinetic adsorption of copper ions on the PGMA-DETA adsorbent in 
solutions with different ionic strengths. 
 
Figure 3.6  ζ-potentials of the PGMA-DETA adsorbent at different solution pH values 
and with different ionic strengths in the solutions. 
 
Figure 3.7  Desorption efficiency of copper ions from the PGMA-DETA adsorbent in 
solutions with different HNO3 concentrations. 
 
Figure 3.8  N1s XPS spectra of the PGMA-DETA adsorbent after copper ion 
desorption in 0.1 and 2 M HNO3 solutions, respectively. (The definitions of 
N(1)-N(4) are the same as shown in Figure 3.3). 
 
Figure 3.9  Desorption kinetics of copper ions from the PGMA-DETA adsorbent in 0.1 
M HNO3 solution. 
 
Figure 3.10  Amounts of copper ions adsorbed on the PGMA-DETA adsorbent in five 
adsorption-desorption cycles. 
 
Figure 4.1  FESEM images showing (a) the typical shape of polymer bead, (b) the 
surface morphology of the polymer bead and (c) the surface morphology of 
P-DETA (i.e., DETA functionalized polymer bead)   
 
Figure 4.2  Copper and lead adsorption on P-DETA adsorbent in the single species 
system: (a) pH effect (C0 = 4.0 mmol/L); (b) Cu adsorption isotherm (C0 = 
0.4 – 4 mmol/L); (c) Pb adsorption isotherm (C0 = 0.4 – 4 mmol/L); and (d) 
adsorption kinetics (pH5, C0 = 4.0 mmol/L). The trend lines in Figure (b) 
and (c) were from the fitting of the Langmuir isotherm model.  
 Note: qe: equilibrium adsorption uptake; Ce: equilibrium metal ion 
concentration; C0: initial metal ion concentration; adsorption at room 
temperature (23-25 oC); pH values being the initial values. 
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Figure 4.3  Copper and lead adsorption on P-DETA adsorbent in the binary species 
system: (a) pH effect (Copper C0 = 4.0 mmol/L; Lead C0 = 4.0 mmol/L); (b) 
Copper and lead isotherm adsorption (Copper C0 = 0.4 - 4.0 mmol/L; Lead 
C0 = 0.4 - 4.0 mmol/L; Copper and lead at equal concentrations);  (c) 
Kinetic adsorption (pH=5, Copper C0 = 4.0 mmol/L; Lead C0 = 4.0, 1.0 and 
0.5 mmol/L respectively).  
Note: qe: equilibrium adsorption uptake; Ce: equilibrium metal ion 
concentration; C0: initial metal ion concentration; adsorption at room 
temperature (23-25 oC); pH values being the initial values. 
 
Figure 4.4  Copper and lead displacement adsorption kinetics at pH5 (P-DETA-Pb: P-
DETA adsorbed with lead at 1.26 mmol/g, (P-DETA-Pb)-Cu: P-DETA-Pb 
placed in 4 mmol/L copper solution, (P-DETA-Pb)-w: P-DETA-Pb placed 
in D.I. water, (P-DETA-Pb)-w-Cu: (P-DETA-Pb)-w subsequently placed in 
4 mmol/L copper solution, P-DETA-Cu: P-DETA adsorbed with copper at 
1.13 mmol/g, (P-DETA-Cu)-Pb: P-DETA-Cu placed in 4 mmol/L lead 
solution, (P-DETA-Cu)-w: P-DETA-Cu placed in D.I. water, (P-DETA-
Cu)-w-Pb: (P-DETA-Cu)-w subsequently placed in 4 mmol/L lead solution. 
 
Figure 4.5  FTIR spectra of P-DETA, P-DETA-Cu and P-DETA-Pb. 
 
Figure 4.6  Wide scans and N1s XPS spectra of P-DETA, P-DETA-Cu and P-DETA-
Pb. (The peak values and ratios were given in Table 4.2, and PCu and PPb 
were derived by the adsorption of the respective metal ions with 20 mg 
PDETA adsorbents in 20 mL solution at the initial pH of 5.) 
 
Figure 5.1  Amine contents of P-EDA-x, P-DETA-x, P-TETA-x and P-TEPA-x from 
L8 (4 × 24) factorial design experiments (details shown in Table 5.1). 
 
Figure 5.2  Copper ion uptakes (determined by ICP-OES) of P-EDA-x, P-DETA-x, P-
TETA-x and P-TEPA-x from L8 (4 × 24) factorial design experiments 
(denoted as P-Amine-x-Cu). The factorial design experiments details were 
shown in Table 5.1. The bars in grey color show the copper ion uptakes 
after water wash at initial pH of 5 (denoted as P-Amine-x-CuW). 
 
Figure 5.3  Potentiometric titrations of (a) P-EDA-b, (b) P-DETA-b, (c) P-TETA-b and 
(d) P-TEPA-b (P-EDA-b: 0.185 g, 40 ml; P-DETA-b: 0.151 g, 40 ml; P-
TETA-b: 0.115 g, 30 ml; P-TEPA-b: 0.124 g, 30 ml). The filled black 
square symbol shows the experimental data, and the solid line shows the 
fittings of the titration data with the three-site chemical model.  
 
Figure 5.4  Relationship of Amine content and Cu ion uptake for P-EDA-x, P-DETA-x, 
P-TETA-x and P-TEPA-x. Each type of P-Amine-x with approximately the 
same amine content was chosen from the series of samples in the factorial 
design (samples chosen from Figure 5.1), and their Cu uptakes and CuW 
uptakes were compared shown in Figure 5.4 (a) and (b). Similarly, their 
 XV
amine contents were put together for comparison given the similar Cu 
uptake or CuW uptake (samples chosen from Figure 5.2) shown in Figure 
5.4 (c) and (d). MINEQL+ was used to examine the speciation of the 
copper ions and no precipitation was formed at pH 5 (Schecher and 
McAvoy, 2003). 
 
Figure 5.5  XANES spectra for all the nine P-Amine-x-Cu studied. (It can be seen 
from this Figure that all XANES spectra almost completely overlap with 
each other.) 
 
Figure 5.6  Cu K-edge XANES spectra of P-DETA-b-Cu and the other Cu compounds 
as references, CuO, Cu2O, CuSO4·5H2O, Cu(Ac)2 aqueous solution and 
Cu(NO3)2 aqueous solution.  
 
Figure 5.7  k3-weighted Fourier Transform (solid line) of (a) P-EDA-b-Cu, (b) P-
DETA-b-Cu, (c) P-TETA-b-Cu and (d) P-TEPA-b-Cu. The red dotted lines 
show the fitting results by EXAFS, with the parameters listed in Table 5.8 
and Table 5.9.  
 
Figure 5.8  Molecular modeling of P-EDA-b-Cu (Immobilized Polyamine Ligand 
Entry (IPLE) combination: 3-4-5) 
 
Figure 5.9  Molecular modeling of P-TETA-b-Cu (Immobilized Polyamine Ligand 
Entry (IPLE) combination: 2-3-7) 
 
Figure 5.10  Molecular modeling of P-TEPA-b-Cu (Immobilized Polyamine Ligand 
Entry (IPLE) combination: 3-6-9) 
 
Figure 5.11  Modeling of Cu-DETA coordination on P-DETA-b-Cu surface by Chem3D 
Ultra 7.0 software. The combination of reaction site entries was 1-2-5 
shown in Table 5.7 (The content of the 1-2-5 entries: Entry 1: 3.7%; Entry 
2: 22.3%; Entry 3: 74.0%). The left figures are molecular modeling of Cu 
ion coordinated with DETA ligands immobilized on PGMA polymers. The 
right figures are the enlarged figures for Cu ion coordinated with N and O 
atoms all showing a distorted tetrahedral geometry. The pink ball between 
Cu-N or Cu-O denotes the lone pair electrons. 
 
Figure 6.1  Single and mixed metal ion species adsorption isotherm with P-DETA for 
Cu, Co, Ni, Zn and Cd ions. For each metal ion in single species adsorption 
isotherm, C0 = 0.4 - 4.0 mmol/L, pH = 5; For mixed five metal ion 
adsorption isotherm, C0 = 0.4 - 4.0 mmol/L for each metal ion, and all five 
metal ions were at equal initial concentrations, pH = 5. MINEQL+ was 
used to examine the speciation of the five metal ions and no precipitation 
was formed for each of the metal ion in mixed metal ion species at pH 5.  
Note: qe: equilibrium adsorption uptake; Ce: equilibrium metal ion 
concentration; C0: initial metal ion concentration; adsorption at room 
temperature (23-25 oC); pH values being maintained constant. 
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Figure 6.2  Four groups of displacement experiments between a metal ion and P-MW 
(a metal ion-adsorbed P-DETA after D.I. water wash) at pH5. The groups 
are Cu + P-CoW, Co + P-NiW, Ni + P-ZnW and Zn + P-CdW. The 
stronger and weaker metal ions refer to those that have stronger or weaker 
adsorption affinity towards P-DETA adsorbent. The shadows in some of 
the columns refer to the amount of metal ions adsorbed after D.I. water 
wash. The stronger metal ions for the displacement with P-MW in each 
group were all with 4 mmol/L concentration in the solution at pH 5 for the 
displacement experiment.  
 
Figure 6.3  Cu, Ni and Zn K-edge XANES spectra for P-CuW, P-NiW and P-ZnW 
respectively, and Cd LIII-edge XANES spectrum for P-CdW. The 
corresponding reference compounds XANES spectra for each metal ion 
were all listed in the figure.   
 
Figure 6.4  Co K-edge XANES spectrum for P-CoW, with the Co reference 
compounds listed in the figure.  
 
Figure 6.5  k3-weighted metal ion EXAFS spectra in k- (left-hand side) and R-space 
(right-hand side). The EXAFS spectra in R-space showed black solid line 
for P-CuW, P-CoW, P-NiW and P-ZnW, respectively. The red dotted lines 



























(P-DETA-Cu)-Pb  P-DETA-Cu added into 400 mL of a lead ion solution with pH 5 
and an initial lead ion concentration of 4 mmol/L 
(P-DETA-Cu)-W  P-DETA-Cu added into 400 mL of DI water (blank solution) with 
pH 5 
(P-DETA-Cu)-W-Pb P-DETA-Cu added first into 400 mL of DI water with pH 5 and 
then 400 mL of a lead ion solution with pH 5 and an initial lead ion 
concentration of 4 mmol/L 
(P-DETA-Pb)-Cu P-DETA-Pb added into 400 mL of a copper ion solution with pH 5 
and an initial copper ion concentration of 4 mmol/L 
(P-DETA-Pb)-W P-DETA-Pb added into 400 mL of DI water (blank solution) with 
pH 5 
(P-DETA-Pb)-W-Cu P-DETA-Pb added first into 400 mL of DI water with pH 5 and 
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1.1 Overview  
Water pollution by heavy metal ions has been one of the challenges in environmental 
pollution control globally. The major source of heavy metal ions is usually the 
wastewaters from various industries such as electroplating, mining, electric device 
manufacturing, and metal finishing, etc. Heavy metal ions are toxic, non-biodegradable 
and highly carcinogenic (de Castro Dantas et al., 2001; Inglezakis et al., 2003; Sanyal et 
al., 2005). They are often detrimental to the environment and harmful to plants, animals 
and the human beings. As a result, the effective removal of heavy metal ions from the 
wastewaters before they are discharged into the environment has been an important 
scientific and engineering subject. Furthermore, most heavy metals are valuable industrial 
raw materials. They will be of economic value if individual types of heavy metals can be 
separated and removed from the wastewaters for reuse in the various industries. Hence, 
technologies that can effectively remove and selectively separate heavy metal ions from 
wastewaters are of great research and practical interest.  
 
Various technologies have been applied for the removal of heavy metal ions, including 
chemical precipitation, reverse osmosis, solvent extraction, ion exchange and adsorption, 
etc. (Alexandratos and Crick, 1996; Kadirvelu et al., 2000; Dabrowski et al., 2004; Prasad 
and Saxena, 2004). Chemical precipitation is a conventional method and it is fast in the 
removal of heavy metal ions. However, this method is inefficient in removing heavy metal 
ions in relatively low concentrations (Dabrowski et al., 2004). In addition, the solid waste 
generated by this method presents another environmental problem in its disposal. The 
chemical precipitation method also lacks good selectivity for practical engineering 
applications, and consumes additional chemicals, thus expensive. The solvent extraction 
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method may achieve high selectivity towards an individual type of heavy metal ion via the 
use of a highly metal ion-selective organic extractant. However, the organic extractant is 
often toxic and a fraction of it can dissolve and remain in the water phase as an additional 
pollutant. Moreover, for large industrial applications, a large volume of extractant is 
needed, which is difficult to deal with (Alexandratos and Crick, 1996). Among the various 
technologies available, adsorption perhaps has received the most attention in the removal 
or separation of heavy metal ions. Adsorption shows the advantages of effective removing 
heavy metal ions in relatively low concentrations, not generating additional environmental 
pollution or consuming additional chemicals, and having the capability to achieve high 
selectivity towards individual types of heavy metal ions. As an adsorption medium, the 
adsorbents play a most important role in the adsorption process. One of the traditional 
adsorbents has been activated carbon which is commonly and widely used in various 
industrial applications for the removal of heavy metal ions from wastewaters. However, 
activated carbon is generally known to have slow adsorption rate and low adsorption 
capacity towards heavy metal ions, and also show poor selectivity towards a targeted type 
of heavy metal ions to be separated. Besides activated carbon, many other adsorbents 
including silica-based and polymer-based materials are being increasingly investigated 
nowadays because they can achieve greatly improved efficiency in heavy metal ion 
removal and selectivity in heavy metal ion separation.  
 
Polymeric adsorbents have been one of the research interests in recent years. Polymeric 
adsorbents can be used in adsorption applications because they can be synthesized to have 
adequate mechanical strength. In addition, the flexibility in selecting the polymer 
structures and properties makes polymeric adsorbents versatile for many different 
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adsorption applications. The possibility of massive industrial production also makes 
polymeric adsorbents suitable for not only batch-mode operation in small scales but also 
packed column-mode operation in large scales. Furthermore, the choice of surface 
modification on polymeric adsorbents further extends their surface functionality, better 
tuned for enhanced efficiency and selectivity towards the targeted heavy metal ions to be 
removed or separated from the wastewaters. 
 
As one of the polymeric adsorbents, the amine-functionalized poly(glycidyl 
methacrylate)-basesed (or PGMA-based) polymeric adsorbent has been widely studied for 
heavy metal ion removal. This type of adsorbent involves PGMA as the substrate with 
amine functional groups immobilized on the surface as the ligands. PGMA-based 
polymers provide a chemically stable structure due to its acrylic backbone, as well as a 
large quantity of epoxy groups that can be used for surface modification with many 
choices of functional ligands. The amine functional groups, especially the polyamines, 
have been reported to be one of the most efficient ligands for heavy metal ion 
complexation or sequestration. The combination of the PGMA substrate and a choice of 
polyamine functional ligands has therefore formed an interested research subject in the 
development of functional adsorbents for the removal and separation of heavy metal ions 
from water or wastewater.  
 
The application of amine-functionalized PGMA-based adsorbents (denoted as amine-
PGMA) for heavy metal ion adsorption behaviors has been investigated by a number of 
researchers. Most of these studies focused on the behavior and performance for heavy 
metal ion adsorption. For example, Bayramoğlu and Arıca (2005) studied PGMA beads 
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functionalized with ethylenediamine (EDA) for the adsorption of CrO42- anions. In 
contrast, the adsorption mechanism and desorption behaviors of the amine-PGMA for 
heavy metal ions were much less examined.  
 
The selective adsorption behavior of heavy metal ions with amine-PGMA has also been 
reported. van Berkel et al. (1997) prepared imidazole-functionalized PGMA adsorbents 
and showed their high selectivity for Cu ion over Ni, Co, Zn and Cr ions. However, the 
selective adsorption mechanisms with the amine-PGMA adsorbents for heavy metal ions 
have been less understood.  
 
Furthermore, a recent study investigated the removal of mercury ions with magnetic 
composite PGMA beads functionalized with different polyamines including EDA, 
diethylenetriamine (DETA) and tetraethylenepentamine (TEPA) (Atia et al., 2007). It was 
shown that a longer chain of polyamine as the ligand achieved a higher adsorption 
capacity. However, the effect of polyamines with different amine contents and molecular 
lengths on the extent of amines immobilized on PGMA beads, on the adsorption behavior 
and selectivity for heavy metal ions, and on the adsorption mechanisms have never been 
systematically investigated and reported.  
 
Traditionally, the adsorption of metal ions on an adsorbent and its adsorption selectivity 
has been analyzed on the basis of the Hard-Soft-Acid-Base (HSAB) rule, the distribution 
coefficient and the metal ion speciation diagram, etc. (Yantasee et al., 2004; Atia, 2005; 
Lam et al., 2006a). These approaches looked at the phenomena without knowing the 
details on what was formed in the process. The surface analysis tools such as FTIR, XPS 
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and EXAFS, etc. have developed rapidly in recent years. These provide the possibility to 
examine the specific interactions occurred in the adsorption process on the formation of 
complexes, coordination structure and geometry that would better explain the mechanisms 
and selectivities and thus provide guidelines for the further development of metal ion 
selective adsorbents.  
 
1.2 Objectives and scopes of this study 
Although amine-PGMA has attracted a great interest as an adsorbent in the adsorption of 
heavy metal ions, the mechanisms for effective heavy metal ion adsorption and desorption 
as well as the selectivity to different heavy metal ions have not been well examined and 
are not well understood. In spite of this, it is generally recognized that the amine group 
provides the functionality of the adsorbent to interact with the heavy metal ions and affect 
the performance and behavior of the adsorption separation process. It is hypothesized that 
more amine groups immobilized on the PGMA beads would perhaps provide the 
adsorbent with better performance and greater sensitivity in the selectivity in the removal 
of heavy metal ions. The objective of this study is therefore to investigate polyamine-
functionalized PGMA beads as an adsorbent for heavy metal ions, with focus on the effect 
of polyamines on the amine contents immobilized on PGMA beads, the mechanisms in 
adsorption and desorption as well as in adsorption selectivity. With many choices of 
polyamine compounds as the functionalization polymers, the study will limit the scope to 
examine aliphatic polyamine compounds to reduce the complexity of the work and to 
make comparison among them more straight forward. Various advanced analytical tools 
much as FTIR, XPS, XANES and EXAFS, etc. will be utilized to reveal the interactions 
and mechanisms involved in the adsorption process for heavy metal ions.  
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The specific scopes of this study include the followings:  
(1) PGMA beads will be surface functionalized with DETA as a ligand and the PGMA-
DETA adsorbent will be evaluated for heavy metal ion adsorption. While most studies 
in amine-PGMA used EDA, the use of DETA may increase the amine contents on 
PGMA. The preparation method will be developed and the adsorption and desorption 
behaviors for copper ions will be examined.   
 
(2) The PGMA-DETA adsorbent will be investigated for its selective adsorption behaviors 
and mechanisms for heavy metal ions. Copper and lead ions will be examined because 
of their popularity in many industrial wastewaters. The study will be conducted in both 
single systems (only one metal species exists in the solutions) and binary systems 
(both metal species exist in the solutions). FTIR and XPS analyses will be used to 
characterize the selective adsorption behaviors and mechanisms for the different types 
of heavy metal ions.  
 
(3) Aliphatic polyamine compounds with different amine numbers and molecular lengths 
will be used to functionalize PGMA beads. The four polyamines to be studied are 
EDA, DETA, TETA and TEPA. It is to find how the density of amines on PGMA, and 
the coordination chemistry or structure of the heavy metal ions with the adsorbents is 
affected by the different aliphatic polyamines. This will establish a connection of the 
polyamines as the ligands and the efficiency of the adsorbents for the removal of 
heavy metal ions in their practical application prospects. Various characterization 
methods including potentiometric titration, element analysis, BET, XANES and 
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EXAFS will be used.  
 
(4) One of the potential polyamine functionalized adsorbents from (3) above will be 
further studied for its adsorption selectivity in an expanded multiple-metal species 
system. The focus will be to examine the heavy metal ion coordination geometry with 
the adsorbent through XANES and EXAFS analyses. It is expected to reveal how the 
coordination geometry may play a role in determining the heavy metal ion adsorption 
selectivity.  
 
This study should provide useful information on heavy metal ion adsorption behaviors and 
mechanisms for polyamine-based PGMA adsorbents, and contribute to better 
understanding in the adsorption efficiency and selectivity of these adsorbents. By the 
application of various advanced surface analysis technologies including XPS, FTIR, 
XANES and EXAFS, one is expected to gain further insight into the details on what are 
formed in the adsorption process. The information can help in the design of a polyamine-
based adsorbent for various specific application oriented targets such as removal and 










































2.1 Review on heavy metals 
2.1.1 Generals 
Heavy metals often refer to the metallic elements that are high in density and toxic at low 
concentrations, which include Copper (Cu), Lead (Pb), Cobalt (Co), Nickel (Ni), Zinc 
(Zn), Cadmium (Cd), etc. The density, atomic orbital electron configurations and common 
ionic forms of some of these heavy metal ions are shown in Table 1.1. Heavy metals are 
largely used in the industry and agriculture, and their wide application has facilitated the 
development of the economy, and the improvement of the society. However, heavy metal 
compounds are non-biodegradable and often dangerous due to their bio-accumulation 
ability in the body of human beings. The discharge of heavy metals into natural land and 
water would also pose severe threat to the environment. Therefore, the application of 
heavy metals results in environmental and health problems that needs to be effectively 
tackled with. The following section provides a short review for six of the common heavy 
metals, with their industrial application, source of pollution and their toxicity to human 
health.  
 
Table 1.1 Properties of some heavy metals 
Heavy metals Density (g/cm3) Electron configurations Ion form 
Co 8.90 1s22s22p63s23p63d74s2 Co2+, Co3+ 
Ni 8.90 1s22s22p63s23p63d84s2 Ni2+ 
Cu 8.96 1s22s22p63s23p63d104s1 Cu+, Cu2+ 
Zn 7.14 1s22s22p63s23p63d104s2 Zn2+ 
Cd 8.65 ……4d105s2 Cd2+ 
Pb 11.4 ……5d106s26p2 Pb2+ 
 
 
2.1.2 Copper (Cu), lead (Pb), cobalt (Co), nickel (Ni), zinc (Zn) and cadmium (Cd)  
COPPER. Copper is widely used in the industry in applications including wiring, 
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plumbing, pesticide manufacturing and domestic metal. Therefore, copper contamination 
is mainly caused by industries such as printed circuit board (PCB) industry, electroplating, 
pipe corrosion and mining (Friberg et al., 1986; Meena et al., 2005). The copper 
concentration in waste water has been reported to be as high as 200 mg/L in mining areas 
(Davis and Ashenberg 1989), and the total release of copper to the environment in the 
United States from 1987 to 1993 is about 185,068,800 kilograms 
(http://www.epa.gov/safewater/dwh/c-ioc/copper.html).  
 
A trace amount of copper is essential for human beings. It is often incorporated in 
ceruloplasmin (a kind of protein in human blood) and plays an important role as an 
antioxidant for human beings (Matsubara and Iwasaki, 1972; Kruk, 1998). However, 
copper can be highly toxic to human beings if excessively high dose is consumed. The 
symptoms caused by copper poisoning may include nausea, vomiting and diarrhea (Ng et 
al., 2002). One of the diseases caused by the accumulation of copper in the human body is 
the Wilson’s disease that causes the malfunction or even the damage to the liver (Seth et 
al., 2004). Besides, excess amount of copper in the body would also damage the kidney 
and central nervous system (Ajmal et al., 1998).  
 
LEAD. Lead pollution has become a global concern and poses great harm to the 
environment and human beings. The sources of lead pollution are mainly from industries 
and agriculture including battery manufacturing, food and medical production, use of 
pesticide and fertilizers, etc. (Cui et al., 2005). Other sources may include leaded gasoline 
burning, solid household wastes and lead leaching from pipes (Snakin and Prisyazhnaya, 
2000). It was reported that the sum of lead compound released to land and water in the 
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United States was about 59,240,160 kilograms from 1987 to 1993, according to the data 
given by the Environmental Protection Agency (EPA) 
(http://www.epa.gov/safewater/dwh/t-ioc/lead.html). Lead can be very dangerous to 
human beings, and ingestion, inhalation or skin contact of lead can all pose hazard to 
people’s health. In addition, lead accumulation in plants and animals also constitutes a 
major threat to people as they can serve as food in the food chain (Cui et al., 2005). The 
toxicity of lead lies in the fact that it can cause damage to kidney and liver of people, and 
affect the central nervous system to a large extent (Meena et al., 2005). Especially, lead as 
a neurotoxin poses great harm to children and unborn fetuses. In addition, lead can also 
cause anemia, muscular atrophy or even cancer.  
 
NICKEL. Nickel is often used in electroplating industries as surface-finishing metal for 
decoration and protection purposes (Meena et al., 2005). After the electroplating, a process 
of washing is often applied, which would bring a large amount of nickel ions into waste 
effluent. Another source of nickel contamination is from the acid mine drainage (Garg et 
al., 2008). Higher concentration of nickel ions has been found and it constitutes a major 
threat to natural waters. Besides, battery industry, silver refinery and forging all generate 
waters contaminated by nickel (Wang and Kuo, 2008; Vijaya et al., 2008). It was reported 
by EPA that the amount of nickel released to land and water in the United States totaled 
11,067,840 kilograms from 1987 to 1993 (http://www.epa.gov/safewater/dwh/c-
ioc/nickel.html). Excess exposure to nickel may cause headache, cough, nausea and 
breathing problems. Serious effects caused by excess uptake of nickel may include 
damage to lungs, malfunction of kidneys, incoordination of neural system and cancer 
problems (Ewecharoen et al., 2008). Therefore, nickel ions in waters or wastewaters need 
 13
to be removed for the reduction of its harm to people.  
 
COBALT. Cobalt can be used mainly in the areas of catalyst preparation, battery 
manufacturing and paint industries (Kim and Keane, 2002). Cobalt can be used as a 
catalyst for the dehydrogenation and desulfurization process of petroleum. In addition, 
cobalt consumption in the area of lithium battery manufacturing has increased 
significantly in recent years. Besides, cobalt salt has been applied in the agriculture and in 
the industries such as mining and pigment production (Meena et al., 2005; Krishnan and 
Anirudhan, 2008). The wide application of cobalt has caused water contamination due to 
the large amount of industrial effluents. The pollution of water by cobalt has been a 
concern due to the toxicity of cobalt that can cause cancer, bone defects, low blood 
pressure or even paralysis (Manohar et al., 2006; Krishnan and Anirudhan, 2008).  
 
ZINC. Zinc, because of its good resistance towards corrosion, is widely applied in the 
galvanization process for iron protection from rusting. Beside, zinc is also used in the 
preparation of precious metals such as gold and silver. In addition, the zinc salts are 
utilized in a wide range of industries producing catalysts, fertilizers and preservatives (Veli 
and Alyüz, 2007). As a result of its wide application, a large amount of zinc compounds is 
found in industrial effluents, which generates potential health problems to human being 
(Veli and Alyüz, 2007).  
 
It is known that zinc is one of the essential elements for human being, and its deficiency in 
human body would mostly cause retardation of growth. However, zinc is toxic to human 
being when an excess amount is taken. The symptom due to the toxicity of zinc may 
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include dizziness, stomachache, vomiting, dehydration, and lack of muscular coordination 
(Dali-youcef et al., 2006; Jain et al., 2004).   
 
CADMIUM. Cadmium is widely used in the industries of electroplating, battery 
manufacturing and plastic / pigment production. Cadmium and its salt compounds have 
found wider applications in stabilizer, fertilizer and alloy manufacturing (Freitas et al., 
2008; Li et al., 2008). Therefore, cadmium is also one of the common contaminants to 
water. The main source of cadmium pollution to water may often include industrial waste 
effluents, waste sludge and acid mine drainage (Pandey et al., 2008). In addition, cadmium 
can be easily adsorbed by agricultural crops, and therefore threatening the health of the 
people through the food chain. It was reported that the total release of cadmium to water 
and land in the United States from 1987 to 1993 was about 816,480 kilograms 
(http://www.epa.gov/safewater/dwh/c-ioc/cadmium.html). The toxicity of cadmium may 
include hypertension, lung and liver disease and bone degradation (Pandey et al., 2008).  
 
2.2 Review on adsorption   
2.2.1 Generals 
The past twentieth century has witnessed the great importance of adsorption, as it played a 
vital role in many industrial separation and purification applications. The definition of the 
term “adsorption” may vary slightly over the time, but it has now been generally regarded 
as the accumulation or concentration of a certain component from a mixture onto the 
surface of the substrate exposed to the mixture (McBain, 1932). As early as in the 18th 
century, adsorption was effectively used in the removal of toxic gases and decoloration of 
dye solutions (Rouquerol et. al, 1999). With development of the science and technology, 
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more and more phenomena with respect to adsorption have been discovered. Various 
adsorbents have been developed and utilized in various industries. At the same time, 
various theories related to adsorption have emerged and been advanced in accordance with 
the diversely observed adsorption phenomena.  
 
2.2.2 Brief retrospection of adsorption 
The earliest application of adsorptions may be dated back to the 18th century, for the 
removal of gases by charcoal. In 1773, Scheele reported the adsorption studies on a 
quantitative basis, which may be considered as the earliest research work done concerning 
the area of adsorption. Ever since, many scientists have dedicated themselves to this 
research area. However, it was not until the year 1881 that the term “adsorption” was first 
introduced by Kayser (Rouquerol et al., 1999). Later on, the experiments carried out by 
Kayser also brought about other adsorption terminologies such as “isotherms”. In 1907, 
Freundlich put forward a mathematical expression for the adsorption isotherm, which has 
been known as the Freundlich isotherm widely used even until now (Freundlich, 1906). In 
1916, another famous scientist, Langmuir, brought about his discovery that, in many cases, 
“a monomolecular layer” or monolayer was formed on the surface of the adsorbents 
during adsorption, which contributed to the establishment of the famous theory on surface 
adsorption (Langmuir, 1918). As a result, the maximum monolayer adsorption capacity 
can be calculated according to the Langmuir theory, which provided a quantitative 
measurement of the adsorbed amount during an adsorption process. In the 1930’s, 
Brunauer and Emmett attempted to calculate surface area of the adsorbents via the 
nitrogen adsorption, and found that the adsorption of gases may not follow the monolayer 
coverage. They found from the adsorption curve that multilayer adsorption started at the 
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point where the monolayer adsorption was completed, and utilization of this transition 
point can help to calculate the surface area. As a result, the famous Brunauer-Emmett-
Teller (BET) theory was published in 1938 (Brunauer et al., 1938), which has provided a 
method for the determination of surface area for us to use even today. With the 
advancement of various adsorption theories, various adsorbents were developed and 
studied. Dubinin (1960) may be the first who studied the activated carbon adsorbents and 
classified them into micropore, mesopore and macropore ones, according to the pore size 
of the adsorbents. In 1978, Barrer reported the study of adsorption with zeolites (Barrer 
and Trombe, 1978). Since then, many new adsorbents have also been developed and 
studied.  
 
2.2.3 Importance of adsorption 
In recent years, adsorption has become increasingly important in various industrial 
applications for separation and purification. Adsorption may occur in the catalytic 
reactions, which is crucial in the chemical or petroleum industry (McKay, 1996). 
Adsorption is also involved in the separation of gases and purification of liquids, which 
have wide applications in the separation and storage of gases, decoloration of dyes, 
refining of oils, concentration of bio-products and removal of heavy metal ions.  
 
Adsorption has commonly been used in water and wastewater treatment to remove trace 
amounts of organic compounds, such as volatile ones that cause odor and taste. Although 
chemical oxidation may be used for taste and odor reduction, it is energy intensive in 
comparison with adsorption, especially at low organic concentrations. It has been 
demonstrated that adsorption is economically favorable to remove chemically stable 
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organic carbons in water (McKay, 1996). Zhang and Bai (2002) have also studied the 
removal of humic acid in water with polypyrrole-coated adsorbents. Besides, adsorption 
has found an important application in bioengineering for the separation of bio-products 
such as proteins and peptides. There are often many steps needed in the conventional 
process for bio-product separation, which incurs very high production cost and low 
production yield. The selective adsorption technologies that can recognize the target 
components separates them in one step, hence largely simplifying the separation process, 
reducing the production cost, and being able to obtain high product purity and yield. In 
recent years, adsorption has also been developed into one of the methods that effectively 
and selectively remove heavy metal ions from water and wastewaters. As discussed earlier, 
heavy metal ions are often highly toxic and are non-biodegradable. Hence, adsorption as a 
major physical or physicochemical process plays an important role in the removal of 
heavy metal ions for the prevention of their detrimental health effect to human being. 
Furthermore, selective adsorption also provides the possibility to recover individual heavy 
metals for reuse, hence eliminating their ultimate disposal as well as conservating the 
resources available.  
 
2.2.4 Isotherm models of adsorption  
During the adsorption process, the adsorbates are being adsorbed on the adsorbent surface 
due to the adsorptive affinity between them. This process continues until the equilibrium 
between the amount of adsorbate on the adsorbent and the adsorbate concentration in the 
solution is reached. The relationship describing the partitioning of the equilibrium between 
the adsorbate on solid phase (adsorption amount, mol/g) and the adsorbate in liquid phase 
(equilibrium concentration, mol/L) is often known as “adsorption isotherm” (Hawari and 
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Mulligan, 2006). Adsorption isotherms often examine how adsorbates interact with 
adsorbents and how adsorption uptakes vary with adsorbate concentrations at given pH 
values and temperatures. Adsorption isotherm data are often fitted with the adsorption 
isotherm models. These isotherm models are often semi-empirical and they are mostly 
derived on the basis of the observation of large quantities of adsorption isotherm data 
(Noeline et al., 2005). Adsorption isotherm models are of great importance in the study of 
adsorption phenomena, since they may offer important information including maximum 
adsorption amount, affinity constant, thermodynamic parameters, etc. for the adsorption 
process. Such information facilitates the researchers to evaluate or predict the performance 
of an adsorption process for intended applications. Up till now, a number of adsorption 
isotherm models have been developed. The commonly used adsorption isotherm models 
are the Langmuir model, Freundlich model and Langmuir-Freundlich model, and they are 
reviewed in the following sub-sections respectively.  
 
2.2.4.1 Langmuir isotherm model 
The Langmuir isotherm model was developed by Langmuir in 1918 (Langmuir, 1918). 
The assumptions of the Langmuir model include: (1) the adsorbate behaves as an ideal gas; 
(2) the adsorption ability of the adsorbate to the surface site is independent of the 
occupation status of the adjacent site; (3) a monolayer adsorption of the adsorbates takes 
place on the adsorbent surface sites that have equal adsorption energy and enthalpy (Ko et 
al., 2003; Wong et al., 2003; Choy et al., 2004). The Langmuir isotherm model has two 






CKqq += 1    
(2.1) 
 
where qe (mmol/g) is the adsorption amount of adsorbate per unit weight of adsorbent, Ce 
(mmol/L) the adsorbate equilibrium concentration in solution, qm (mmol/g) the maximum 
adsorption capacity, and KL (L/mmol) the adsorption affinity constant.  
 
Alternatively, the Langmuir isotherm model can also be expressed in the following form 





CQq += 1      
(2.2) 
 
where Ce (mmol/L) and qe (mmol/g) are defined as before, QL (L/g) and bL(L/mmol) are the 
Langmuir isotherm constant. The ratio of QL/bL gives the maximum adsorption capacity, 
qm. Eq.(2.2) is the same with Eq.(2.1) when bL=KL and QL=qmKL. 
 
The derivation of the Langmuir isotherm model can be made from both the kinetics and 
reaction equilibrium points of view. From the kinetics point of view, the surface coverage 









where qe and qm   are defined as above. The total rate of the adsorption process is usually 
governed by both the adsorption rate and desorption rate, and the mathematic form of the 
total rate (denoted as dqe/dt) is given by the difference between the adsorption and 
desorption rate as follows: 
 
θθ deae kCkdt
dq −−= )1(     
(2.4) 
 
where ka and kd are the adsorption and desorption rate constant, respectively. At adsorption 






+= 1θ     
(2.5) 
 
where KL (KL=ka/kd) is the adsorption affinity constant as defined above. Combining Eq. 





CKqq += 1     
(2.6) 
 
Alternatively, from the reaction equilibrium point of view, the Langmuir isotherm model 
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can also be derived. A reaction in terms of adsorption is assumed as:  
 
SAAS ↔+     
(2.7) 
 
where S denotes empty adsorption sites; A adsorbates and SA the A-filled adsorption sites.  
 





SAK ⋅=     
(2.8) 
 
where [SA] denotes the covered site fraction, θ, and [S] denotes the uncovered site fraction, 
(1- θ), on the surface of the adsorbent. [A] can be expressed by the equilibrium 
concentration of A in the solution (Ce). As a result, Eq. (2.8) can be rewritten as:  
eC
K ⋅−= )1( θ
θ    
(2.9) 
 









Eq (2.10) is the same as Eq. (2.5) with K = KL.  
 
2.2.4.2 Freundlich isotherm model 
Freundlich proposed another mathematical expression for the adsorption isotherm, known 
as the Freundlich isotherm model (Freundlich, 1906). The Freundlich isotherm model 
assumes heterogeneous surfaces on the adsorbent with non-uniform heat of adsorption, 
and is applicable for multilayer adsorption of the adsorbates. It shows that an increase in 
the adsorption amount of the adsorbate follows an increase in the concentration of 
adsorbates in the solution  (van Hullebusch et al., 2004; Ho and Ofomaja, 2005; Mohan et 
al., 2005). The Freundlich isotherm model with two parameters (KF and 1/n) is an 
empirical model based on large quantities of the adsorption data observation. The 





/1=                       
 (2.11) 
 
where qe (mmol/g) and Ce (mmol/L) are defined as before. KF (mmol1-1/nL1/n/g) is the 
Freundlich constant depicting adsorption capacity, and 1/n is a constant indicating 
adsorption intensity.  
 
2.2.4.3 Langmuir-Freundlich isotherm model 
The Langmuir-Freundlich (LF) isotherm model, also known as Sips model, was developed 
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by Sips (Sips, 1948). The LF isotherm model contains three parameters (KLF, bLF and α) as 
shown in Eq. (2.12). The LF isotherm model resembles the format of the Langmuir 
isotherm model but is modified according to the Freundlich isotherm model to satisfy the 
Henry’s Law behavior at the equilibrium adsorption of the adsorbates (Bautista et al., 
2002). The LF isotherm model often takes the following form (Bautista et al., 2002; Ko et 







CKq += 1     
(2.12) 
 
where KLF (mmol1-1/αL1/α/g) and bLF (L/mmol)α are the LF model constants, α is the 
heterogeneity coefficient, and Ce (mmol/L) and qe (mmol/g) have the same definitions as 
before. Similar to the Langmuir isotherm model, the LF isotherm model also allows the 
maximum adsorption capacity, qm, to be obtained from the ratio of KLF/bLF (Ko et al., 
2003). Particularly, when α=1, the LF isotherm model reduces to the Langmuir isotherm 
model with bLF = KL, and KLF = qmKL (Vilar et al., 2005).  
 
Compared with the Langmuir isotherm model, the LF isotherm model not only gives the 
access to estimate qm but also considers the effect of heterogeneity of the adsorbent on 
adsorption through the coefficient α.  
 
2.2.5 Kinetic models of adsorption  
The kinetics of adsorption is a critical factor in the design of the adsorption system. 
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Information on the adsorption kinetics can provide useful evaluation on the adsorbent 
performance, determination of the break-through curves in column adsorption test, and 
design of the batch or continuous reactor for the adsorption operation.  
 
The adsorption kinetics can be influenced by many factors, such as the pore size, surface 
area and structural configurations (beads, membrane, nanoparticle, etc.) of the adsorbents 
and the nature and properties of the adsorbates. Besides, pH, temperature, ionic strength 
and foreign matters co-existing in the solution during the adsorption process also 
constitute other factors influencing the adsorption kinetics (Ho and Ofomaja, 2005; 
Bhattacharyya and Sharma, 2004).  Furthermore, the nature of interaction (i.e., chemical 
interaction or physical attachment) and the mass transport process can play an major role 
in the determination of the adsorption rate (Zhang and Bai, 2002; Zhang and Bai, 2003). 
 
Adsorption kinetic models are often used to fit the experimental adsorption kinetic data. 
Two commonly used adsorption kinetic models are the Pseudo-First Order (PFO) and the 
Pseudo-Second Order (PSO) models as are illustrated in detail in the following sections.  
 
2.2.5.1 Pseudo-first-order model  
In 1898, Lagergren put forward a first order kinetics equation to describe ocalic acid and 
malonic acid adsorption onto charcoal (Lagergren, 1898; Ho, 2004). Based on this kinetics 
equation, Lagergren may probably be the first person to describe the liquid-solid system 
adsorption in term of solid adsorption capacity, in stead of liquid concentration variation. 
Lagergren rate equation was also named as the pseudo-first-order (PFO) kinetics model 
(based on solid adsorption capacity), in order to be distinguished from the first order rate 
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equation (based on liquid concentration variation) (Lagergren, 1898; Ho, 2004). The PFO 
model equation is shown in Eq. (2.13) (Lagergren, 1898).  
 
)(1 tet qqkdt
dq −=     
(2.13) 
 
where qt (mmol/g) is the adsorption uptake at time t (min), qe (mmol/g) the adsorption 
capacity at adsorption equilibrium, and k1 (min-1) the kinetics rate constant for the Pseudo-
First-Order model. 
 
The linearized form of PFO equation is derived by applying the boundary condition: when 
t=0, qt=0, as given in Eq. (2.14). 
 
ete LnqtkqqLn +−=− 1)(     
(2.14) 
 
By plotting Ln(qe-qt) versus t, a linearized curve can be obtained with –k1 as the slope and 
Lnqe as the intercept. In this way, the adsorption rate constant (k1) and the equilibrium 
adsorption amount (qe) can be obtained.   
 
2.2.5.2 Pseudo-second-order model  
The Pseudo-Second-Order (PSO) kinetics model was shown in Eq. (2.15) (Ho and McKay, 
2000; Ho and Ofomaja, 2005). It follows the assumptions of the Langmuir isotherm model, 
together with the assumption that the adsorption rate is negligible compared with the 
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initial adsorption rate (Ho and McKay, 2000). 
 
2
2 )( tet qqkdt
dq −=    
(2.15) 
 
where qt (mmol/g), t (min) and qe (mmol/g) have the same definitions as those in the PFO 
model, and k2 (g/mmol·min) is the PSO adsorption rate constant.  
 
Similarly, the linearized form of PSO equation is derived by applying the boundary 








t +⋅=     
(2.16) 
 
By plotting t/qt versus t, a linearized curve of the PSO model is derived. The model 
parameters qe and k2 can be obtained from the slope and intercept of the graph plotted. 
Similarly with the PFO model, the information on the adsorption rate and adsorption 
capacity is derived, which may be useful in the evaluation of adsorbent and analysis of the 
adsorption process.  
 
2.3 Reviews on adsorbents 
2.3.1 Characteristic of adsorbents 
Adsorbents are the essential part and play an important role in the adsorption process. 
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Many of the adsorption behaviors are directly related to the physical or chemical 
properties of the adsorbents, such as morphology, surface area and surface functional 
groups. Therefore, it is essential that adsorbents with desired properties be developed for 
the various industrial separation and purification applications. To be eligible as a “good” 
adsorbent, the adsorbent material should have good mechanical properties and be resistant 
to acidic or basic environment, i.e., chemically stable. In addition, the adsorbents should 
possess high surface area to weight ratio in order to achieve a high adsorption capacity. 
Furthermore, the adsorbents are also expected to have rapid adsorption kinetics, so that the 
adsorption process can be greatly shortened. Other factors may include the ease of 
regeneration for reuse, and low cost, etc.  
 
2.3.2 Types of adsorbents 
2.3.2.1 Activated carbon 
Activated carbon has been the most common and important adsorbent utilized for 
hundreds of years. The activated carbon adsorbents are produced by heating treatment of 
carbon materials followed by steam or chemical treatment that greatly increases the 
specific surface area and porosity. The pore sizes can range from macro-pores to micro-
pores, which allow the different applications to be optimized in the adsorption process. 
For the micro-pore activated carbon, the specific surface area can reach as high as 
1000m2/g (Ruthven, 1984). The early use of activated carbons as an adsorbent can be 
dated back to the 18th century for odor removal of water (McKay, 1996). Even today, 
activated carbon is still widely used in the deodorization, decoloration and the removal of 




2.3.2.2 Zeolite (molecular sieves) 
Zeolite consists of a framework of arrayed SiO4 and AlO4. Synthetic zeolites are produced 
by crystallization followed by calcinations. The unique characteristic of the zeolite 
adsorbent is its uniform size of the gaps formed among the framework. The adsorptive 
separation by zeolite is therefore dependant on the molecular size of the adsorbates to be 
separated. For this reason, zeolite adsorbent is also often referred to as the molecular sieve 
because it separates different molecules on the basis of their sizes, shapes and polarity 
differences (Thomas and Barry, 1997). Different molecular sieves can be prepared by 
changing the size of the gaps among the framework for specific adsorption separation 
applications.  
 
2.3.2.3 Silica gel 
Silica gel is mainly used in the dehydration of gas and solid substances. The surface of 
silica gel contains many SiOH groups that are capable of adsorbing materials containing –
OH or –NH2 groups. The silical gel is usually manufactured in granule form for water 
adsorption and can be regenerated via heating treatment.   
 
2.3.2.4 Chitin and chitosan 
Chitin, which contains the –NHCOCH3 groups, is one of the poly-saccharides that exist 
abundantly in the skeleton of the crustacea animals especially in the skeleton of crabs. 
Besides cellulose, chitin is also the abundant natural polymers in the nature. Chitosan is 
the deacetylated form of chitin, and is used widely in various applications. Chitin and 
chitosan are important adsorbents especially for waste water treatment. The chelation 
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properties of chitosan on heavy metal ions have been widely studied as a separation 
mechanism for heavy metal ion removal (Li and Bai, 2005b).  
 
2.3.2.5 Synthetic polymer adsorbents 
The synthetic polymers for adsorption applications have been extensively studied in recent 
years. Compared with the conventional adsorbents, polymeric adsorbents may have 
several advantages, including: (a) polymer adsorbents can be easily produced into various 
desirable shapes, such as beads, membranes and fibers, depending on the type of 
applications; (b) various methods have been developed through such processes as polymer 
brush formation, ligand immobilization and molecular imprinting, to modify the surface 
and it is possible that a wide family of adsorbents with different functions are synthesized 
to meet the specific separation need for targeted adsorbates; and (c) selective adsorption 
can be achieved via functionalizing the polymer substrate with the desirable ligands that 
have selectivity. More recent development in bioengineering has brought about the need 
for new adsorbents with good selectivity towards the target compound to simplify the 
separation process and enhance the productivity. The synthetic polymer adsorbents can 
therefore be the candidate for developing new adsorbents with good selectivity.  
 
2.3.3 Surface modification methods for the preparation of synthesized polymeric 
adsorbents for heavy metal ion removal  
Most of the synthetic polymeric adsorbents are developed from two steps: synthesis of 
polymeric substrate and subsequent surface modification of the polymeric substrate with 
functional groups that have affinity for heavy metal ions. The advantages lie in the fact 
that polymeric adsorbents can be prepared with a wide choice of functional groups for a 
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wide range of heavy metal ions to be separated. In order to prepare the synthesized 
polymeric adsorbents, three types of surface modification methods have been used: (1) 
Metal ion imprinting, (2) short functional ligand immobilization and (3) long polymer 
chain grafting. The metal ion imprinting method enables the adsorbent to have an 
“imprint” or “cavity” to selectively “recognize” the same type of metal ions (Uezu et al., 
1997). For one example, Zn-selective polymeric adsorbent is reported to show high 
selectivity for Zn ion over Cu ion in a wide pH range (Uezu et al., 1997). In another 
example, Cu-selective polymeric adsorbents prepared by Say et al. (2003) and Wang and 
Zhang (2006) have a high selectivity for Cu ion over Zn, Ni and Co ions. An alternative 
method of surface modification for the preparation of adsorbents for heavy metal ion 
removal is through short functional ligand immobilization. Beauvais and Alexandratos 
have presented a detailed review on the metal-ion selective polymeric adsorbents prepared 
using a wide variety of functional ligands (Beauvais and Alexandratos, 1998). The ligands 
can be designed to selectively adsorb Cu, Pb, Fe, Ni ions, etc. Dabrowski et al. also 
reviewed heavy metal ion exchange adsorbents prepared by functional ligands 
immobilization (Dabrowski et al., 2004). Since many types of ligands can be designed, 
this method can be used to prepare polymeric adsorbents with high selectivity and high 
affinity for a wide variety of different kinds of heavy metal ions. Another surface 
modification method is to use long-chain polymers for immobilization or by surface 
grafting (Li et al., 2005; Liu et al., 2006b). With this method, Liu et al. grafted a 
polyacrylonitrile chain onto polyvinylchloride polymer via the atom transfer  radical 
polymerization (ATRP) technique and found that the prepared polymeric adsorbents show 
high selectivity towards Hg ions (Liu et al., 2006b). Due to the long polymer chain that 
enables multiple functional groups to be immobilized, this method is expected to greatly 
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increase the adsorption capacity, and also possibly the adsorption selectivity towards the 
heavy metal ions.  
 
2.4 Amine-immobilized PGMA-based adsorbents for heavy metal ion removal 
2.4.1 Suspension polymerization of PGMA polymers 
Glycidyl methacrylate (GMA) is a monomer well-known for its ease of polymerization 
and modification, because of the presence of the epoxy groups, as shown below.  
 
The poly-GMA-based (PGMA-based) polymers are the synthetic polymers from GMA 
and are a good candidate for the preparation of adsorbent substrate for surface 
modification, i.e., introducing other functional groups such as amine and sulfonic groups 
onto the surface (Kawai et. al., 2003; Nastasovic et. al., 2004). Different preparation 
methods for PGMA-based copolymer and PGMA-grafted polymer adsorbents have been 
reported. Among these methods, suspension polymerization is the most often used method 
from the industry and engineering point of view.  
 
Suspension polymerization method was developed in 1909 by Hoffman and Delbruch 
(Asua, 2007). In 1931, Bauer and Lauth carried out the first suspension polymerization 
experiment that prepared polymeric beads from acrylic monomers (Dowding and Vincent, 
2000). 
 
The suspension polymerization of PGMA polymer may involve the participation of GMA 
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monomer, initiator, dispersant and suspension medium. Besides, stirring and heating may 
also be involved for the polymerization to be successfully carried out. Water is often 
applied as the suspension medium due to its good thermal conductivity. Water-soluble 
polymers are often used as dispersant to prevent the monomers from aggregation during 
polymerization, and to stabilize the partially polymerized particles. During the suspension 
polymerization for the preparation of PGMA polymers, the dispersant is usually dissolved 
into the suspension medium under stirring and heated to the desired temperatures. GMA 
monomer is well mixed with initiator and is then decanted into the dispersant-water 
medium. The polymerization occurs in the monomer droplets surrounded by dispersant via 
a free radical mechanism. The monomer droplets can be regarded as a mini-“bulk” reactor, 
and finally result in the formation of polymeric beads. Therefore, suspension 
polymerization can also be considered as “microbulk” polymerization (Yuan et al., 1991). 
 
There are usually three stages in suspension polymerization (Jahanzad et al., 2004). In 
Stage I, the monomer is stabilized by dispersant and forms droplets in the suspension 
medium. In Stage II, the droplets in the suspension medium are subjected to stirring, and 
an equilibrium between break-up and coalescence is attained, resulting in the 
corresponding sizes of the monomer droplets. In Stage III, polymerization occurs in the 
droplets with proper size under the high temperature provided by heating media, and 
finally polymeric micro-beads are formed. At this point, the polymer micro-beads are in 
solid form, and no break-up or coalescence of the beads would take place. 
 
2.4.2 PGMA-based polymers as adsorbent substrate 
PGMA-based polymer adsorbent substrates were widely prepared and extensively studied. 
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The GMA monomers were often copolymerized in binary with ethylene dimethacrylate 
and the resultant functionalized poly(GMA-EDMA) polymer adsorbents have been 
studied for their affinity chromatographic properties in protein separation (Viklund et. al., 
1997; Tang et. al., 1999; Suarez et. al., 2002; Gong et. al., 2003; Paredes et. al., 2003). 
GMA may also co-polymerize with other components such as ethylene glycol 
dimethacrylate (Onjia et. al., 2000; Nastasovic et. al., 2004), methyl methacrylate (Tsai et. 
al., 2001), hydroxyethyl methacrylate (Bayramoglu et. al., 2003) and styrene (Maehara et. 
al., 1990) to form adsorbent substrate for metal adsorption and protein immobilization. 
The addition of the second component in the GMA-based copolymers may function as the 
cross-linker (Tang et. al., 1999; Gong et. al., 2003) and macromolecular support to 
increase the mechanical strength of the copolymer adsorbents (Maehara et. al., 1990; 
Hicke et. al., 2002). The tertiary copolymers were also investigated. The polymer prepared 
with three components of glycidyl methacrylate, triallyl isocyanurate and divinylbenzene 
(poly(GMA-TAIC-DVB)) was reported (Yu and Sun, 1999; Yu et. al., 2001; Zhou et. al., 
2002) and the polymer was functionalized and used for protein separation. Another tertiary 
copolymer named as poly(MMA-GMA-DVB), prepared from methyl methacrylate, 
glycidyl methacrylate and divinyl benzene, were also reported in the applications of heavy 
metal ions adsorption (Senkal and Bicak, 2001; Bicak et. al., 2003) and separation of bio-
substances (Lei et. al., 2001; Arica et. al., 2004).  
 
2.4.3 Ethyleneamines (polyamines) 
Ethyleneamines are molecules containing both ethylene and amine groups. The 
ethyleneamine with the lowest molecular weight is the ethylenediamine, which contains 
two amine groups as NH2-CH2-CH2-NH2. As the molecular weight increases, the amine 
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and ethylene groups (i.e., -NH- and –CH2-CH2-) increase accordingly. Furthermore, linear, 
branched and cyclic molecular forms of ethyleneamines are all possible with the increase 
of the molecular weight. (http://www.dow.com/amines/pdfs/108-01347.pdf 
(Ethyleneamines, DOW)). For linear ethyleneamines, it follows the form of NH2-CH2-
CH2-(-NH-CH2-CH2-)n-NH2, where n is equal to 0,1,2…. The most commonly used 
ethyleneamines are ethylenediamine (EDA), diethylenetriamine (DETA), 
triethylenetetramine (TETA) and tetraethylenepentamine (TEPA). Ethyleneamines have a 
wide range of applications including chelating agent, epoxy curing agent, corrosion 
inhabitor, fuel additives, surfactant, plastic lubricant, etc., thus receiving great attention 
due to their wide range of applications. The following sections cover some of the major 
applications of the linear ethyleneamines, including EDA, DETA, TETA and TEPA, and 






2.4.3.1 Epoxy curing agents 
Ethyleneamines can readily react with epoxy containing molecules or resins via the epoxy 
ring-opening reaction (Siggia, 1949). With such a property, ethyleneamines can be 
commercially used as hardeners for curing epoxy-based chemicals or resins. The well-
known application is the epoxy-based adhesives that contain both epoxy substance and 
ethyleneamines for the adhesion of a wide range of materials. In addition, ethyleneamine 
as epoxy curing agent can also be used in the epoxy-resin related castings, paints and 
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coatings. Furthermore, the derivatives of ethyleneamine have expanded the 
ethyleneamine’s application as curing agent. For example, reactive polyamide as a 
derivative of triethylenetetramine (TETA) showed enhanced flexibility and adhesion 
properties, thus more compatible as the hardener with the epoxy resin.  
 
2.4.3.2 Fuel additives 
Another important application for ethyleneamines is that they can be used as additives to 
fuels in the engine. During the combustion of fuels in the engine, oil-insoluble micro-
particles would form. They in turn can result in the formation of sludges while aggregated. 
The addition of enthyleneamines would solubilize the oil-insoluble micro-particles and 
prevent them from forming sludges. Therefore, ethyleneamines as the additives would be 
beneficial to the long-term operation of the engines. In addition, the derivatives of 
ethyleneamines can not only be used as the fuel additives, but also anti-wear agent for 
lubrication oils and greases.  
 
2.4.3.3 Chelating agents 
One of the characteristic features of the ethyleneamines is that they are able to form stable 
chelates with transition heavy metal ions such as Cu, Co and Ni ions. Since many of the 
transitional heavy metal ions are toxic and pose harm to the environment and human being, 
the application of ethyleneamines as heavy metal ion chelates would be of great industrial 
and practical importance. For example, ethyleneamines can be used in electroplating 
industry to strip out nickel coatings from the plate. In addition, ethyleneamines also find 
their application in environmental area to sequester toxic heavy metal ions from 
wastewater before it pollutes the environment, or adsorb the precious metal ions for 
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recovery and reuse. Besides, the derivatives of the ethyleneamines can also be used as 
chelating agent to expand the applications of ethyleneamines. One of the commonly used 
ethyleneamine derivatives is ethylenediamine tetraacetic acid (EDTA) and their salt. They 
can be applied to adsorb or strip heavy metal ions in a large area of environmental 
applications.  
 
2.4.4 Heavy metal ion removal with amine-immobilized PGMA-based adsorbents  
Poly(glycidyl methacrylate)-based (PGMA-based) polymers contain both the acrylic 
backbone and the epoxy functionality (http://www.dow.com/acrylic/products/gma.html). 
The acrylic backbone provides a chemically stable structure, and the epoxy group offers 
versatility for surface modification. Therefore, PGMA-based polymers form a good 
candidate for the preparation of heavy metal ion adsorbents due to the high mechanical 
strength and ease of reaction with different functional groups. PGMA-based polymeric 
adsorbents have been reported to contain surface functionalities such as amine, hydroxyl 
and acetate groups for heavy metal ion removal (Atia et al., 2003; Chen et al., 2006; 
Haratake et al., 2006). Among these adsorbents, amine-functionalized PGMA adsorbents 
have attracted more studies for heavy metal ion adsorption. Haratake et al. (2006) studied 
the triethylenetetraamine-functionalized PGMA adsorbents for Cu, Zn, Co, Ni ions 
adsorption behavior from seawater at the seawater pH. Atia et al. (2003) reported the 
uptake behavior of Cu and Pb with ethylenediamine-functionalized PGMA adsorbents and 
found that the adsorption is influenced by pH and texture properties of the adsorbents. 
Although in these reports the heavy metal ion adsorption behavior has been investigated in 
detail, the adsorption mechanism is often less mentioned.  Choi et al. (1999) investigated 
the PGMA adsorbent with six different amine functional groups on Pd ion adsorption and 
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found that adsorbent functionalized with diethylenetriamine gives the best Pd adsorption 
capacity. However, the desorption of Pd ion was not mentioned even though it can be very 
important to the overall performance of the PGMA adsorbents. Bayramoğlu and Arıca 
(2005) conducted adsorption of CrO42- anions with ethylenediamine-functionalized PGMA 
adsorbent, and investigated the effects of various factors such as pH, adsorbent dose, 
adsorption rate and CrO42- initial concentration. However, the study did not look into the 
details on what were formed through the advanced analyses such as FTIR and XPS. A 
recent study by Atia et al. (2007) also reported ethylenediamine-, diethylenetriamine- and 
tetraethylenepentamine-functionalized magnetic PGMA resins for mercury cation removal 
and showed higher adsorption capacities with increased molecular lengths. Although more 
work has been done on the heavy metal ion adsorption performance by the polyamine-
immobilized PGMA adsorbents, there is a lack in the comprehensive evaluation of the 
adsorbents immobilized with different types of polyamines for heavy metal ion adsorption. 
For example, Nastasović et al. (2004) investigated ethylenediamine-modified PGMA 
adsorbents for Cu, Fe, Zn, Pb, Cd, Mn, Pt and Zn ions adsorption in single species system 
(under non-competitive conditions). Atia et al. (2003) also studied Cu and Pb ions uptake, 
respectively, with ethylenediamine-modified PGMA adsorbents. While these reports 
showed the adsorption capacities towards various heavy metal ions, the selectivity of the 
adsorbent towards each type of heavy metal ions in multi-species systems (under 
competitive conditions) has seldom been reported, and hence the selectivity mechanism 
was not discussed. Although van Berkel et al. (1997) reported three imidazole-
functionalized PGMA adsorbents with high selectivity for Cu ion over Ni, Co, Zn and Cr 




2.4.5 Selectivity of heavy metal ion adsorption 
2.4.5.1 Selective adsorbents  
The criteria to assess an adsorbent may include high adsorption capacity, long working life 
and good adsorption selectivity. The conventional adsorbents such as activated carbon and 
silica gel may have good adsorption capacity for organic pollutants and long life-span, but 
they do not usually have good adsorption selectivity. Selective adsorbents may be defined 
as the adsorption materials that have the ability to recognize the target compound to be 
separated and selectively adsorb the compound from the mixtures with other compounds.  
 
Selective adsorption separation is of practical importance to the modern industry, 
especially in environmental and bio-product separation applications. In environmental 
applications, selective adsorption of heavy metal ions with adsorbents can not only clean 
up the contaminated waters but also recover and reuse the heavy metals that are useful 
industrial materials. From the bioengineering applications, selective adsorption of bio-
products with adsorbents has received great attention. The conventional separation process 
of bio-products involves many complicated and laborious steps with high operation cost 
and low productivity. Recent research work has increasingly been related to the selective 
adsorption of heavy metal ions such as mercury and palladium (Sonmez et. al., 2002; 
Kang et. al., 2004a) as well as selective adsorption of bio-products such as DNA, cell or 
proteins (Tanaka et. al., 2004; Matsuo et. al., 2004; Morin et. al., 2004). 
 
2.4.5.2 Approaches for heavy metal ion selectivity study  
The selectivity of the synthesized amine-based adsorbents for heavy metal ions has 
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received special attention from both the environmental and economic point of view. 
Environmentally, some highly toxic heavy metal ion must be selectively removed from 
wastewater before it is discharged into public water regions such as rivers or seas. 
Economically, some precious heavy metal ion should be selectively recovered from 
wastewaters containing other metal ions for reuse purposes. Therefore, the selectivity of 
the amine-based adsorbents has been an attractive research topic that deserves further 
investigation. In recent years, different approaches have been reported for the 
investigation of the SA adsorbents’ selectivity towards heavy metal ions.  
 
HSAB rule  
The Hard-Soft-Acid-Base (HSAB) rule was introduced by Pearson with the proposed 
concepts of absolute hardness and absolute electronegativity (Parr and Pearson, 1983; 
Pearson, 1988). According to Pearson, both the Lewis acid and Lewis base are categorized 
as hard and soft, namely, hard/soft Lewis acid and hard/soft Lewis base, with their 
respective definitions clearly shown in the literature (Parr and Pearson, 1983). The HSAB 
rule was described as “hard acids prefer to coordinate to hard bases and soft acids to soft 
bases” (Parr and Pearson, 1983; Pearson, 1988). Since heavy metal ions are often regarded 
as the Lewis acids and the ligands such as amine and thiol groups as Lewis bases, the 
HSAB rule has often been applied to investigate the heavy metal ion selectivity behavior 
with the ligand-functionalized adsorbent. As an example, Lam et al. (2006a) applied the 
theory of absolute electronegativity for the explanation of the selective separation of Ag+ 
and Cu2+ ions in binary solution system with the amine-immobilized mesoporous 
adsorbent (NH2-MCM-41). In addition, Ikeda et al. (2007) reported selective separation of 
An(III) from Ln(III) ions with the pyridine resin, due to the likeness effect of the “soft” 
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donor (pyridine group) and “soft” acceptor (An(III) ion). However, the detailed 
explanations that were supportive of the HSAB rule were not given in these publications. 
 
Affinity constant/distribution coefficient  
Besides the HSAB rule, another approach to study the heavy metal ion selectivity is to 
compare the distribution coefficient or affinity constant obtained from the isotherm model 
fitting study. Affinity constant or distribution coefficient can be different in meaning and 
unit, depending on the different isotherm model used. However, for heavy metal ion 
adsorption, most of the affinity constants are used to quantify the heavy metal ion-ligand 
affinity strength, and also used for comparison purposes between different heavy metal 
ions in the adsorption experiments. As reported in the paper, Yantasee et al. (2004) 
compared the distribution coefficient (Kd) of four heavy metal ions adsorbed on amine-
functionalized activated carbon (NH2-AC) and found that Cu ion with much greater Kd 
showed higher adsorption selectivity. Similar results have also been reported by Sayari et 
al. (2005) who have compared the Freundlich constant (KF) indicating the adsorption 
affinity.  
 
Metal ion speciation or ligand affinity  
The third approach to study the metal ion selectivity, is through the examination of metal 
ion speciation or the special affinity of the ligand. Usually, the speciation form of one 
metal ion would change according to the change of pH, ionic strength, etc. Therefore, 
different forms of the specific metal ion would show different affinities towards the 
ligands on adsorbents, due to the possible changes in valences, coordination sites and 
electron-donating properties. As an example, Atia (2005) reported the Hg selectivity of 
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amine-modified chitosan resins and found that the Hg species in the form of HgCl3- at low 
pH favored the selective adsorption compared to the other ions, due to the electrostatic 
attraction between the HgCl3- anions and the protonated amine groups. On the other hand, 
some ligands may have special affinity towards the target heavy metal ion, and this can 
also be used as means to study the heavy metal ion selectivity.  
 
2.5 Characterization methods 
2.5.1 X-ray photoelectron spectroscopy (XPS) 
X-ray Photoelectron Spectroscopy (XPS) is a technique for surface analysis by exciting 
the emission of photoelectrons with X-ray bombardment. With the recognition of 
distinctive binding energy or kinetic energy peak positions, the corresponding element (on 
the sample surface) can be determined. Furthermore, with the aid of the high-resolution 
photoelectron detector, it is also possible to determine the different oxidation state of each 
element.  
 
In the history of 1910s-1920s, the photoelectron spectra of some metals were first 
successfully recorded by H. Robinson using CuKα radiation. In these early XPS spectra, 
the kinetic energy of the metal elements was recognized by the edge position of the XPS 
peak. Later on in the 1950s, a high-resolution photoelectron detector was developed by 
Swedish physicist Kai Siegbahn and his co-workers. With this high-resolution detector, 
resolving the kinetic energy peak into sub-peaks became possible and was carried out 
successfully, thus enabling the analysis of the oxidation state of each element. As a result, 
Siegbahn’s contributions to deriving the high-resolution spectroscopy won him half of the 




Nowadays, XPS surface techniques have been applied in a wide range of scientific 
research as well as industries for element recognition and/or element component 
evaluation. All the successful analyses are based on one equation:  
 
Binding Energy (Eb) = hν - Kinetic Energy (Ek)    
(2.17)  
 
In Eq. (2.16), there are two terms “Binding Energy” and “Kinetic Energy” which are 
already mentioned in the above sections. The term “Binding Energy” can be regarded as 
the energy with which the electron in one of the atomic orbitals “binds” to the central atom. 
If the X-ray energy of hν bombarded to the atom is less than the binding energy of the 
electron, then no photoelectron will be generated. If the hν is larger than the binding 
energy, then the photoelectron will be ejected with the kinetic energy. Reflected on the 
XPS spectra, a peak would appear at the binding energy position. In other words, the X-
ray energy hν is the sum of the binding energy and the kinetic energy, as is shown in Eq. 
(2.16). Since each atomic orbital has a characteristic binding energy, each element would 
own a series of characteristic peaks on the XPS spectra. Therefore, the peak at specific 
binding energy indicates the presence of a specific element on the sample. By 
determination of these specific peaks, the unknown elements on a sample surface would 
be determined. In addition, the intensity of the peak of one element indicates the element 
concentration (atomic % or weight %) on the sample surface detected by XPS analysis. 
Furthermore, by apply the high-resolution detector, the different oxidation state of the 
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element can be determined by deconvolution of the XPS spectrum peak of that element.  
 
The sample in the XPS analysis is often irradiated by X-rays with energy below 1.5 keV 
(e.g., 1486.6 eV from an aluminium anode). The analysis is carried out in a chamber with 
the vacuum of typically ~10-10 torr. Since XPS is a surface-sensitive technique, the high 
vacuum prevents to a large extent the contamination of the sample surface, and thus 
facilitates the photoelectrons to be transmitted to the detector.  
 
As one example, the C 1s XPS spectrum covers around the range of 284.6 to 291 eV in the 
wide scan spectrum (Moulder et al., 1992). The C 1s of the C-C or C-H bond shows the 
binding energy of 284.6 eV, while the C 1s of the carboxylic –COO- group shows the 
binding energy of around 288.4 – 289.0 eV. Carbon atom is bound to oxygen atom in –
COO- group and to carbon atom in C-C group. Since oxygen atom is more electronegative 
than the carbon atom, the carbon atom in –COO- group exhibits more oxidative property 
than the carbon atom in C-C group, hence higher binding energy. Therefore, by 
deconvolution of the XPS peak for one element, the possible oxidation state associated 
with that element can be determined.  
 
2.5.2 X-ray absorption fine structure (XAFS) 
2.5.2.1 Generals 
X-ray absorption fine structure (XAFS) is representative of the x-ray absorption 
probability of an atom near and above the core-level binding energies. XAFS analysis can 
provide information mainly on oxidation state of the selected element, as well as 
coordination number and bond length of the element surrounded by other atoms. Due to 
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this “localized” information it provides, XAFS is especially useful for the investigation of 
chemical state and coordination structure. As a result, XAFS has wide applications in 
environmental, catalytic, material, chemical and biological fields (Newville, 2004).  
 
The measurement of XAFS has been closely related to synchrotron radiation, where x-ray 
source is generated and provided. Therefore, the development of the synchrotron radiation 
often put limitations on the intensity, resolution and energy range of the XAFS technique. 
However, there are almost few constraints to be put on samples. Samples can be either 
solid or liquid during XAFS analysis, and a low concentration of the element is often in 
the range of the XAFS detection. Besides, no crystallization is required, and the sample 
preparation may not need special treatment. Therefore, XAFS analysis allows a wide 
choice of samples to be detected, which may be regarded as the main advantage among 
various other techniques.  
 
XAFS analysis is divided into two categories: X-ray Absorption Near-Edge spectroscopy 
(XANES) and Extended X-ray Absorption Fine-Structure spectroscopy (EXAFS) 
(Koningsberger and Prins, 1988). Although these two spectra are generated simultaneously 
in the synchrotron radiation, the information each contains is rather different. XANES is 
capable of providing information on the oxidation state of the element, as well as the 
coordination geometry around the element. While EXAFS analysis excels in the 
determination of coordination number and bond length of the coordination complex 
surrounding the element. Usually, the XANES and EXAFS will be combined for the 




2.5.2.2 Fundamentals of x-ray absorption 
In the x-ray absorption process, the x-ray is absorbed and only when the energy of the x-
ray is greater than the binding energy of the electron in the core level of the atom. In such 
a case, x-ray is destroyed, and the electron at that core level would be removed from its 
electronic orbital. In this process, the energy given by the difference of the x-ray and the 
binding energy will be given to a photo-electron ejecting out of the atom. This process is 
known as the photo-electric effect. The absorption of x-ray can be shown in the equation 
of the Beer’s Law:  
 
heII μ−= 0     
(2.18) 
 
where I and I0 are the x-ray intensities before and after transmission through a sample 
thickness h, and μ is the absorption coefficient showing the probability of the x-ray 
absorbed by the sample. When the x-ray carries an energy that is equal to the binding 
energy of the core level electron of the atom, an absorption edge occurs which shows a 
sharp increase in the absorption coefficient μ. The XAFS spectra are focused on the energy 
range which is tenth of eVs (electron volt) before and about one hundred eVs after the 
absorption edge (Teo and Joy, 1981).  
 
There are both transmission and fluorescence mode for the measurement of the XAFS. 
Usually for samples with high element concentration, transmission mode would be used; 
while for samples with low concentration, fluorescence mode would be more favorable. 
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For the transmission mode, the absorption coefficient μ can be derived directly from Eq. 
(2.19) as:  
 
)/log()( 0 IIE =μ     
(2.19) 
where μ, I0 and I are defined before, and E refers to X-ray photon energy.  
In comparison, the absorption coefficient μ of the fluorescence mode is:  
 
)/()( 0IIE f∝μ     
(2.20) 
 
where If is the intensity of the detected fluorescence after the absorption of x-ray by the 
sample (Newville, 2004).  
2.5.2.3 Extended x-ray absorption fine structure (EXAFS) 
Extended X-ray Absorption Fine Structure (EXAFS) refers to the oscillation of the x-ray 
absorption probability as a function of the x-ray photo energy above the absorption edge. 
When the sample is subjected to the excitation by the x-ray, the photoelectron can be 
ejected at certain photoelectron energy and spread as an outgoing circle wave with the x-
ray absorbing atom as the circle center. If the neighboring atom is nearby surrounding the 
center atom, the outgoing wave will be backscattered as an incoming electron wave 
towards the central atom. The influence of the backscattered wave would influence the 
outgoing wave by interference, forming constructing or destructing variations. Therefore, 
oscillation occurs in the energy region which is 40 – 1000 eV above the absorption edge, 
known as the EXAFS region (Teo and Joy, 1981; Koningsberger and Prins, 1988).  
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From Eq. (2.18), it can be seen that the absorption coefficient μ is a function of energy (E). 
However, the oscillations above the absorption edge region contain much more 
information and therefore are much interested by researchers. To study such region in 
detail, the normalization of the absorption coefficient μ is carried out, which is in the form 









−=     
(2.21) 
 
where μ(E) is the absorption coefficient as mentioned before, μ0(E) is the background 
smoothing function, and Δμ0(E) is the absorption jump at the threshold energy E0.  
 
On the other hand, EXAFS analysis often involves the photoelectron effect. The wave 
behavior of the photoelectron in terms of wave number k is therefore being investigated. 
As a result, it is necessary to convert the energy E into wave number k of the 
photoelectron, in order to establish the relationship between the absorption coefficient μ 
with the structural parameters. The relationship between the wave number k and the 









where E refers to the absorption energy, E0 the absorption edge threshold energy, ħ the 
reduced Plank constant or Dirac constant (1.055 × 10-34 J·s), and m the electron mass. 
With Eq. (2.21) and Eq. (2.22), it is possible to transform the μ(E) in E-space into χ(k) in 
k-space. The transformation can be expressed in the following equation (Teo and Joy, 



















    
(2.23) 
 
Eq. (2.22), f(k) and δ(k) are scattering properties of the atoms surrounding the center atom 
excited by x-ray. The f(k) is the photoelectron backscattering amplitude from the 
neighboring atoms to the excited atom, and δ(k) is the photoelectron phase shift during 
backscattering. S02 is the amplitude reduction factor indicating the shake-up and shape-off 
effects of the central atom (Koningsberger and Prins, 1988). λ is the mean free path of the 
electrons, N is the number of the neighboring atoms, and R is the distance between the 
excited atom and surrounding atoms (Rehr and Albers, 2000). The parameter σ2 is named 
the Debye-Waller factor, and it is the mean square sum of the individual interatomic 
deviations from the distance R (Karge and Weitkamp, 1998). The σ2 is represented by both 
the thermal vibration and structural disorder effect during the scattering of photoelectrons 
at the distance of R (Teo and Joy, 1981). Both effects may contribute to the variation of the 
σ2 by causing the atoms involved in the photoelectron scattering to jiggle around their 
original position. The σ2 is represented by the 
222 jke σ−  term in Eq. (2.23), influencing the 
)](2sin[ kkR jj δ+ term by offsetting some of the sharp oscillations (Rehr and Albers, 
2000).  Therefore, with the f(k), δ(k) and λ known, the N and R can be determined by Eq. 
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(2.23) with the given EXAFS spectra in k-space. For example, N and R can be regarded as 
the coordination number and the bond length in the metal-ligand coordination. With the 
EXAFS spectra derived, the information on the coordination number and bond length can 
be derived using EXAFS softwares, e.g., Winxas®.   
 
2.5.2.4 X-ray absorption near edge structure (XANES) 
The X-ray Absorption Near Edge Structure (XANES) refers to the region which is 20 – 30 
eV below and 40 – 50 eV above the absorption edge, which is the “near edge” region. At 
this region, transition of electrons due to the excitation by the x-ray may occur to the 
unoccupied bound state or low-lying continuum state. While in the EXAFS region, the 
transition occurs at continuum state. Due to the smaller kinetic energy of the electrons, the 
energy associated with the photoelectron wave is strong, hence multiple scattering become 
predominant in this region. The multiple scattering is sensitive to the local environment 
surrounding the atom. Therefore, XANES analysis can provide information mainly on the 
oxidation state, as well as the coordination geometry (tetrahedral, octahedral, etc.) of the 
excited atom. For example, with the shift of the edge position on the XANES spectra, the 
oxidation state can be derived with the comparison of the XANES spectra of the reference 
samples (Koningsberger and Prins, 1988; Rehr and Albers, 2000).  
 
2.5.2.5 XAFS data analysis 
The analysis of the XAFS data may involve many steps of data process, including 




The background correction usually includes pre-edge and post-edge background removal 
by applying Victoreen or Polynomial fit. The background correction is carried out for the 
simplification of the data normalization. The data normalization is subsequently carried 
out since the sample thickness effect can be deducted from this process. As a result, XAFS 
spectra of different samples can be put together for comparison. The normalized data are 
also useful for XANES comparison and analysis. For example, by applying the 
normalization, the normalized μ(E) is in the range of 0 to 1, so that XANES spectra of 
different samples are all normalized to this range for the simplicity of comparison. After 
the normalization process, conversion of the XAFS spectra from energy-related space (E-
space) to wave factor-related space (k-space) is carried out using Eq. (2.20) and Eq. (2.21), 
in order to relate the x-ray absorptive oscillations with the photoelectron wave structural 
parameters. Finally, Fourier Transform technique can be applied to transform the XAFS 
spectra from k-space into R-space. The transformed data in R-space are composed of 
different coordination “shells”, and by applying suitable model compound to those shells, 
information such as coordination number and bond length can be derived by using XAFS 
















DIETHYLENETRIAMINE-GRAFTED POLY(GLYCIDYL METHACRYLATE) 
























Amine-functionalized adsorbents have attracted increasing interests in recent years for 
heavy metal removal. In this study, diethylenetriamine (DETA) was successfully grafted 
(through a relatively simple solution reaction) onto poly(glycidyl methacrylate) (PGMA) 
micro granules to obtain an adsorbent (PGMA-DETA) with a very high content of amine 
groups and the PGMA-DETA adsorbent was examined for copper ion removal in a series 
of batch adsorption experiments. It was found that the PGMA-DETA adsorbent achieved 
excellent adsorption performance in copper ion removal and the adsorption was most 
effective at pH>3 in the pH range of 1-6 examined. X-ray photoelectron spectroscopy 
(XPS) revealed that there were different types of amine sites on the surfaces of the 
PGMA-DETA adsorbent but copper ion adsorption was mainly through forming surface 
complexes with the neutral amine groups on the adsorbent, resulting in better adsorption 
performance at a higher solution pH value. The adsorption isotherm data best obeyed the 
Langmuir-Freundlich model and the adsorption capacity reached 1.5 mmol/g in the case of 
pH=5 studied. The adsorption process was fast (with adsorption equilibrium time less than 
1-4 h) and closely followed the pseudo-second-order kinetic model. Desorption of copper 
ions from the PGMA-DETA adsorbent was most effectively achieved in a 0.1 M dilute 
nitric acid solution, with 80% of the desorption being completed within the first 1 min. 
Consecutive 5-cycle adsorption-desorption experiments showed that the PGMA-DETA 







As is mentioned in Section 2.1 of Chapter 2, heavy metal contamination to surface waters 
or groundwater is of great concern because of the toxic effect of heavy metal ions to plants, 
animals and human beings (Ko et al., 2003; Prasad and Saxena, 2004; Liu et al., 2005; 
Benhammou et al., 2005; Özcan et al., 2005; Meena et al., 2005). Therefore, effective 
removal of heavy metal ions from water or various industrial effluents is very important 
and has attracted considerable research and practical interest. Many methods, such as 
chemical precipitation, ion exchange, reverse osmosis and adsorption, etc, have been used 
to remove heavy metal ions from various aqueous solutions (Prasad and Saxena, 2004; 
Kobya, 2004; Liu et al., 2005; Özcan  et al., 2005; Mellah et al., 2006). Among these 
methods, adsorption has increasingly received more attention in recent years because the 
method is simple, relatively low-cost, and effective in removing heavy metal ions, 
especially at medium to low heavy metal ion concentrations and from wastewaters (Prasad 
and Saxena, 2004; Kobya, 2004; Liu et al., 2005; Özcan  et al., 2005; Meena et al., 2005; 
Aksu and İşoğlu, 2005).  
 
In an adsorption process, the adsorbent plays the vital role in the process efficiency. Most 
adsorbents developed nowadays for the removal of heavy metal ions rely on their 
interactions with the functional groups on the surfaces of the adsorbents, and, hence, the 
functional groups have important effects on the effectiveness, capacity, selectivity and 
reusability of the adsorbents (Deng et al., 2003; Prasad and Saxena, 2004; Yantasee et al., 
2004; Unnithan et al., 2004; Li and Bai, 2005b; Liu et al., 2005; Li et al., 2005; Li and Bai, 
2005a). The amine groups have been found to be one of the most efficient functional 
groups for heavy metal ion removal (Deng et al., 2003; Li and Bai, 2005a; Yoshitake et al., 
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2002), and various adsorbents with the amine functional groups have been developed from 
natural biopolymers, such as chitosan that contains the amine groups in its backbone (Jin 
and Bai, 2002), or from synthetic polymers that are subsequently immobilized with the 
amine groups (Deng et al., 2003; Nastasović et al., 2004; Atia et al., 2003; Bayramoğlu 
and Arıca, 2005). Although adsorbents developed from natural biopolymers may be cost-
effective and have good adsorption performance, they are generally less physically or 
chemically stable than the ones prepared from synthetic polymers (Yantasee et al., 2004). 
Synthetic adsorbents with immobilized amine groups can also have the flexibility to be 
prepared with various choices in the selection of amine-containing compounds as the 
functional groups and polymer substrates as the carriers for amine functional groups, thus 
opening a broad spectrum of prospects for tailor-made applications in the removal of 
different types of heavy metal ions, or in the selective adsorption of individual types of 
heavy metal ions for recovery (Yantasee et al., 2004).  
 
Different amine-containing compounds have been immobilized onto various substrates 
including polyacrylonitrile fiber (Deng et al., 2003), activated carbon (Yantasee et al., 
2004), MCM-41 (Yoshitake et al., 2002), cellulose (Torres et al., 2006) and poly(glycidyl 
methacrylate) or PGMA resins (Atia et al., 2003; Nastasović et al., 2004; Bayramoğlu and 
Arıca, 2005) for heavy metal ion removal, and a number of these studies used 
ethylenediamine (EDA) to provide the amine functional groups for the adsorbents 
(Nastasović et al., 2004; Atia et al., 2003; Bayramoğlu and Arıca, 2005; Torres et al., 
2006). The adsorption mechanisms have generally been attributed to the formation of 
complexes between the amine groups on the adsorbents and the heavy metal ions to be 
removed (Deng et al., 2003; Yantasee et al., 2004; Li and Bai, 2005b). Although 
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desorption is an important step for practical applications of the adsorbents, the desorption 
process in many studies was often overly simplified, without examining the effect of 
desorption conditions as well as the desorption kinetics.  
 
In this study, aliphatic polyamine functionalized PGMA adsorbents were investigated for 
heavy metal ion removal. In the first part of the study, PGMA micro granules were 
prepared and grafted with diethylenetriamine (DETA) to obtain adsorbents with high 
amine contents (each DETA has three amines). As discussed in Chapter 2, PGMA was 
used as the substrate because of its known good mechanical strength and high reactivity of 
the epoxy groups for surface grafting (Yu and Sun, 1999; Horák and Shapoval, 2000; Zou 
et al., 2001; Choi et al., 2003; Paredes et al., 2003). In addition, the PGMA beads have 
already been used in columns of chromatography in the industry (Yu and Sun, 1999; Zou 
et al., 2001; Paredes et al., 2003), and hence PGMA-based adsorbents would have good 
potential for direct industrial applications for the removal of heavy metal ions from water 
or wastewater on a large scale. Although there were studies for immobilization of EDA on 
PGMA beads or DETA on polyacrylonitrile fibers (Deng et al., 2003; Atia et al., 2003; 
Nastasović et al., 2004; Bayramoğlu and Arıca, 2005), the grafting of DETA on PGMA 
micro granules to obtain adsorbents with very high amine contents has not been 
commonly studied. As an evaluation, the PGMA-DETA adsorbent developed in this study 
was also examined for their performance and mechanisms in the removal of copper ions 
from aqueous solutions in a series adsorption and desorption experiments under various 
conditions. Although copper is an essential trace element for the human beings, it could 
also cause harmful, acute and even fatal effect when a large dosage is ingested. Recent 
evidence also shows that copper can be a human carcinogen (Ng et al., 2002). Copper is 
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extensively used in the electrical and semiconductor industries, and in the manufacture of 
fungicides and anti-fouling paints. As a result, a large quantity of industrial effluents 
containing copper ions is generated. Hence, effective removal of copper ions from 
aqueous solutions is of great practical interest. Particularly, many adsorbents have been 
found to be less effective in the removal of copper ions than is the case for other heavy 
















3.2 Materials and methods 
3.2.1 Materials 
Glycidyl methacrylate (GMA, 97%, stabilized with inhibitor) was purchased from Acros 
Organics Co. Benzoyl peroxide (BPO) and copper (II) standard solutions (in Cu(NO3)2 
form) were supplied by Merck. Polyvinyl alcohol (PVA), cyclohexanol and 
diethylenetriamine (DETA) were obtained from Aldrich. Inhibitor remover column from 
Aldrich was used to remove the inhibitor in GMA monomer. All other chemicals used 
were of analytical grades and D.I. water was used throughout the experiment to prepare 
the solutions. 
 
3.2.2 Preparation of DETA-grafted PGMA adsorbent 
The preparation process involved two steps: (1) preparation of PGMA micro granules and 
(2) subsequent amination of the PGMA micro granules with DETA grafted on the surfaces. 
PGMA micro granules were prepared via the suspension polymerization technique from 
GMA monomer. In brief, a round bottle flask was attached with a mechanical stirrer, a 
reflux condenser and a nitrogen inlet. A 120 mL amount of 1% (w/v) PVA solution was 
first added into the flask, stirred and heated to 70℃ under nitrogen atmosphere. Then, a 
mixture of 10 mL GMA and 20 mL cyclohexanol (in which 0.2 g BPO was dissolved) was 
added slowly into the flask via a dripping funnel in about 20 min, and the polymerization 
reaction in the flask was allowed to proceed at 70℃ for 10 h under nitrogen atmosphere 
and with stirring at 300 rpm. PGMA micro granules with sizes in the range of 130-250 µm 
were formed in the flask and were finally separated via a Buchner funnel. The micro 
granules were washed with ethanol and D.I. water and dried in a vacuum oven at room 
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temperature (24-25℃) prior to further use.  
 
Subsequently, the PGMA micro granules were surface-functionalized with DETA. A 5 mL 
amount of D.I. water and 0.5 g PGMA micro granules were added into a 20 mL test tube 
and the content was degassed for about 20 min with argon gas. Then, 5 mL DETA was 
added into the tube and the tube was sealed immediately to allow the reaction to take place 
in the tube at 70℃ for 8 h with gentle stirring. Finally, the product (namely PGMA-DETA 
adsorbent) was separated, rinsed first with ethanol, ethanol/water (50:50) mixture, and 
then in water and finally dried and stored in a vacuum oven at room temperature for 
further use. The prepared PGMA-DETA adsorbent had a specific surface area of 55.14 
m2/g (determined by the BET method) and a skeleton density of 1.255 g/cm3 (determined 
with the Specific Gravity Bottle method).  
 
3.2.3 Batch adsorption experiments  
All the adsorption experiments were conducted in beakers, with Parafilm® cover at the 
top to ensure a closed system. The mixture in the beaker was stirred with magnetic 
followers at 400 rpm on a magnetic stirrer at room temperature. Copper ion solutions with 
different initial concentrations were obtained by diluting the copper standard solution 
(Cu(NO3)2, 1000 ppm). All the adsorption experiments were carried out with a batch 
factor (the ratio of solution volume to adsorbent mass) of 1000 mL/g. The batch factor 
used in this study has been widely applied for the heavy metal ion adsorption with various 
adsorbent including plastic waste-converted polystyrene microgranules (Wang and Bai, 
2005), EDA-modified chitosan resin (Atia, 2005), aminated MCM-41 (NH2-MCM-41) 
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(Lam et al., 2006a) and EDA-functionalized PGMA beads (Atia et al., 2003; Atia et al., 
2007).  
 
To examine the effect of solution pH values on copper ion adsorption, a series of 50 mL 
0.5 mmol/L copper solutions were prepared with pH adjusted to 1, 2, 3, 4 and 5 
respectively with 0.1-2 mol HNO3 solutions. A 0.05 g amount of the PGMA-DETA 
adsorbent was added into each of the solutions with pH maintained at constant by the 
addition of 0.5 mol HNO3 solution for the first 4 h. The adsorption was allowed for 12 h 
(far above the adsorption equilibrium time of about 1-4 h) at room temperature. The initial 
and final copper ion concentrations in the solutions were analyzed with an Inductively 
Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Perkin Elmer Optima 
3000DV). For comparison, similar experiments were also conducted with the PGMA 
micro granules as the adsorbent.  
 
The adsorption isotherm experiments were conducted at pH 5 and at room temperature 
with initial copper ion concentrations in the range of 0.16 to 5 mmol/L. A 0.05 g amount 
of the PGMA-DETA adsorbent was added into each of 50 mL copper ion solutions with a 
different initial concentration. The adsorption process was carried out for 12 h and the 
initial and final copper ion concentrations in the solutions were determined with the ICP-
OES. For both the pH effect and isotherm experiments, no background electrolyte was 
added. Modeling study with the MINEQL+ software also indicated that, under the pH and 
copper ion concentrations examined, the copper ions were primarily in the Cu2+ form in 
the solutions.  
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The kinetic adsorption experiments were conducted with NaNO3 as the background 
electrolyte at a concentration of 0, 0.01 and 0.1 M and at a solution pH value of 5. A 0.5 g 
amount of the PGMA-DETA adsorbent was added into 500 mL of 0.5 mmol/L copper ion 
solution with a different NaNO3 background electrolyte concentration. Samples were 
taken with a syringe at various time intervals for the determination of copper ion 
concentrations with the ICP-OES.  
 
3.2.4 Desorption experiments 
Regeneration and reuse of adsorbents is an important aspect of adsorption study. The 
experiments for desorption efficiency were carried out with dilute HNO3 solutions in the 
concentration range of 0.01-2 M. A 0.1 g amount of the PGMA-DETA adsorbent adsorbed 
with about 0.5 mmol/g copper ions were placed into 20 mL of a HNO3 solution with 
stirring and the desorption was allowed for a time period of up to 4 h. To examine the 
desorption kinetics, a 2 g amount of the PGMA-DETA adsorbent with about 0.5 mmol/g 
copper ions adsorbed was put into 400 mL HNO3 solution with a concentration of 0.1 or 
2M, respectively. The desorption batch factor was 200 mL/g in this case, one-fifth of the 
adsorption batch factor (1000 mL/g), and may be considered a benefitial condition for 
metal ion recovery (Li and Bai, 2006). Samples were taken at desired time intervals and 
were analyzed for copper ion concentrations in the solution with the ICP-OES. The 
desorption efficiency (DE) was determined from the following equation:  
 




where Ct (mmol/L) is the concentration of copper ions in the desorption solution at time t 
(min), V is the volume of the desorption solution, qel (mmol/g) is the amount of copper 
ions adsorbed on the adsorbents before desorption experiment, and m(g) is the amount of 
the adsorbent used in the desorption experiments.  
 
To examine the reusability of the adsorbent, the adsorption-desorption process was 
repeated for 5 cycles and the adsorption performance in each cycle was analyzed. The 
adsorption was conducted under the conditions: 0.5 g PGMA-DETA adsorbent in 500 mL 
of 0.5 mmol/L initial copper ion concentration at pH 5 for 4 h. The desorption was 
conducted under the conditions: 0.5 g PGMA-DETA adsorbents with about 0.5 mmol/g 
copper ions loaded, in 100 mL of 0.1 M HNO3 solution for 1 h. The ratio of desorption 
batch factor over adsorption batch factor was fixed at one-fifth, the same as the ratio for 
the desorption kinetic experiments mentioned above (Li and Bai, 2006).  
 
3.2.5 Characterizations  
To confirm the effectiveness of DETA grafting on the PGMA micro granules, the FTIR 
spectra of the PGMA and PGMA-DETA micro granules were obtained through a Bio-Rad 
FTIR spectrometers (Model FTS135, USA). The sample granules were blended with KBr 
and pressed into discs for FTIR scans. The spectra were derived from the average of 64 
scans with the 2 cm-1 resolution.  
 
X-ray Photoelectron Spectroscopy (XPS, AXIS HIS spectrophotometer, Kratos Analytical 
Ltd., U.K.) was used to examine the surface characteristics of the PGMA-DETA and 
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copper-loaded PGMA-DETA adsorbents at adsorption or desorption equilibriums. To 
compensate for the surface charging effect, all the binding energies were referred to 284.6 
eV of the neutral C1s peak. The XPSpeak 4.1 software was used to deconvolute the XPS 
spectra into subcomponents on the surface.  
 
The ζ-potentials of the PGMA-DETA adsorbent at different solution pH values and ionic 
strengths were estimated to indicate the nature of surface electrostatic interactions in the 
adsorption process. A batch of 0.05 g adsorbent was put into a batch of 50 mL solution 
with a 0, 0.01 or 0.1 M NaNO3 concentration, respectively. Each sample was sonicated for 
2 h, and then the sample solution was adjusted to a desired pH value by the addition of 0.1 
M HNO3 or 0.1 M NaOH solution and was allowed to settle for 1 h. Subsequently, the 
supernatant was taken from each solution for ζ-potential analysis. A Zeta-Plus4 analyzer 
(Brookhaven Co., USA) was used to measure the ζ-potential of each sample. The ζ-
potentials determined in this way were used to represent the ζ-potentials of the PGMA-









3.3. Results and discussion 
3.3.1 Grafting reaction of DETA with PGMA micro granules 
Figure 3.1 shows the FTIR spectra of the PGMA and PGMA-DETA granules. For PGMA, 
the peaks at 1731 cm-1 can be assigned to the >C=O stretching vibration and that at 1150 
cm-1 to the –C–O– stretching vibration, indicating the presence of the ester group of –
COO– on the PGMA granules (Deng et al., 2003; Li and Bai, 2005a). The characteristic 
peak at 907 cm-1 corresponds to the asymmetric stretching vibration of the epoxy group 
(Horák and Shapoval, 2000; Choi et al., 2003). Therefore, the FTIR spectrum confirmed 
the characteristic chemical structure of PGMA. After the grafting of DETA on PGMA, a 
strong broad band appeared in the range of 3200 to 3500 cm-1 (centered at 3372 cm-1), 
mainly attributed to the N-H stretching vibration, indicating that many amine groups were 
grafted on the surface of PGMA-DETA (Deng et al., 2003). The new peak at 1582 cm-1 for 
the N-H bending vibration, the new and strong peak at 1166 cm-1 for the C–N stretching 
vibration, and the new peak at 967 cm-1 for the N-H wag vibration have all supported the 
existence of amine groups from DETA on the PGMA-DETA adsorbent (Deng et al., 2003; 
Nastasović et al., 2004). The characteristic peak at 907 cm-1 for the epoxy group of PGMA 
however disappeared and is no longer observed for the PGMA-DETA granules, indicating 
that DETA reacted with the epoxy groups and changed their structure during the grafting 
process. Elemental analysis was conducted for the surfaces of the PGMA-DETA granules 
and the amine contents (in terms of N atom) grafted on the PGMA-DETA adsorbent was 
found to reach as high as 7.5 mmol/g. In comparison, the amine contents for EDA-
functionalized PGMA reported in the literature were 5.5 (Nastasović et al., 2004), 5.4 
(Atia et al., 2003), 4.8 (Atia et al., 2003) and 3.8 mmol/g (Hainey and Sherrington, 2000). 
The results have therefore confirmed that the method used in the study to graft DETA onto 
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PGMA granules was highly effective.  
 
   




























Figure 3.1 FTIR spectra of the PGMA and PGMA-DETA granules. 
 
3.3.2 Effect of pH on copper ion adsorption  
Figure 3.2 shows the performances of the PGMA-DETA adsorbent in the adsorption of 
copper ions at different solution pH values. In contrast with the PGMA granules that did 
not adsorb any copper ions in the pH range studied, the PGMA-DETA adsorbent showed a 
pH-dependent adsorption behavior and the adsorption of copper ions increased 
significantly with the increase of the solution pH values, particularly very sharp at the pH 
values between 2-4, and approached the plateau at pH>4. This phenomenon may be 
explained from several aspects.  
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Figure 3.2 Effect of solution pH values on copper ion adsorption on the PGMA-DETA 
adsorbent and PGMA granules.  
 
Firstly, the amine groups of DETA grafted on the PGMA-DETA adsorbent were the 
functional groups for copper ion adsorption. At low solution pH values (high acidic 
environment), a relatively high concentration of protons would strongly compete with the 
copper ions for the amine sites, and thus the adsorption of copper ions was significantly 
decreased. On the other hand, the protonation of the amine groups would lead to a strong 
electrostatic repulsion to the copper ions to be adsorbed. As a result, copper ions became 
difficult to contact the surfaces of the adsorbent for adsorption to take place and thus 
showed poor adsorption performance at low solution pH values. With the increase of the 
solution pH values (lowered proton concentrations), the competition effect of the protons 
with the copper ions for the amine groups became less significant and also more of the 
amine groups existed in their neutral form, which reduced the electrostatic repulsion to the 
copper ions. Hence, more copper ions can be adsorbed onto the surfaces of the PGMA-
 66
DETA granules, resulting in the observed increase of copper ion adsorption on the PGMA-
DETA adsorbent with the increase of solution pH values, as shown in Figure 3.2. 
 
It appears that the different forms of amine groups or sites on the PGMA-DETA adsorbent 
played a very important role in the adsorption performance. The N 1s XPS spectra of the 
amine groups were therefore obtained to provide evidences and to explain the observed 
phenomenon. Figure 3.3 shows the N 1s XPS spectra for the PGMA-DETA adsorbent 
without copper ion adsorption and the PGMA-DETA adsorbent with copper ion adsorption 
obtained from experiments conducted at solution pH 2, 3 and 4, respectively [Figures 3.3 
(a), (b) and (c) for PGMA-DETA and Figures 3.3 (d), (e) and (f) for PGMA-DETA··Cu]. 
The PGMA-DETA adsorbent without copper ion adsorption shows three subcomponents 
at the binding energy of 399.1, 401.6 and 406.6 eV (represented by the N(1), N(2) and N(4) 
peaks in the figures). These subcomponents are for the nitrogens in the neutral amine 
groups (–NH2 or –NH-), the protonated amine groups (–NH3+) and the nitrate ions (NO3-) 
respectively (Xu et al., 2004; Hernán et al., 1998; Fathima et al., 2005). The relative peak 
ratios of N(1) and N(2) have been calculated from the areas under each peak in the spectra 
of Figures 3.3 (a), (b) and (c) and the results are given in Table 3.1. It is clear that the ratio 
of N(1)/Nt increased and that of N(2)/Nt decreased with the increase of the solution pH 
values. This indicates that the protonation effect of the amine groups was gradually 
weakened and more neutral amine groups were generated due to the deprotonation of –
NH3+ groups at a higher solution pH value. The existence of the nitrate ions on the 
surfaces of the PGMA-EDTA granules indicates that the nitrate ions were involved as 






















































Figure 3.3 N1s XPS spectra of the PGMA-DETA adsorbent without and with copper ions 
adsorbed from solutions with different pH values. (N(1) for –NH2; N(2) for –NH3+; N(3) 








Table 3.1 Surface composition of the different types of amine groups on the PGMA-
DETA adsorbents without and with copper ion adsorption at different solution pH values, 
based on XPS analysis results. (Initial concentrations for copper adsorption: 0.5 mmol/L) 
  Contents of different types of amine groups  
  PGMA-DETA  PGMA-DETA-Cu  
  N(1)/Nt N(2)/Nt  N(1)/Nt N(2)/Nt N(3)/Nt  
pH2  28.6% 71.4%  32.1% 58.8% 9.10%  
pH3  37.8% 62.2%  38.2% 47.2% 14.6%  
pH4  46.0% 54.0%  46.7% 34.8% 18.5%  
 
Note: N(1) for –NH2; N(2) for –NH3+; N(3) for –NH2…Cu2+; Nt denotes the summation of 
peak areas of N(1), N(2) and N(3), based on the analysis of the XPS results.  
 
With copper ions adsorbed on the PGMA-DETA adsorbents, the N 1s XPS spectra in 
Figures 3.3 (d), (e) and (f) show a new component of N(3) peak at 400.3 eV. This peak can 
be attributed to the nitrogen atoms in the amine groups coordinated with copper ions 
(Hernán et al., 1998; Li and Bai, 2005a). The nitrogen atoms in the amine groups shared a 
lone pair of electrons with the electron-withdrawing copper ions to form surface 
complexes. Consequently, the electron density of the nitrogen atoms in the amine groups 
was reduced and the N 1s binding energy increased (observed at a higher eV value). Since 
only one new peak of N(3) at 400.3 eV is observed (note that 400.3 eV is larger than 399.1 
eV for neutral but smaller than 401.6 eV for the protonated), the adsorption mechanism 
can therefore be concluded to be through forming metal complexes by the copper ions 
with the nitrogen atoms in the neutral amine groups. In other words, –NH2··Cu2+ or –
NH··Cu2+– complexes were formed on the surfaces of the PGMA-DETA adsorbent. The 
lower binding energy of –NH2··Cu2+ or –NH··Cu2+– complexes than that of –NH3+ may 
largely be due to the different bond type of the N atom with H or Cu atoms. For –
NH2··Cu2+ or –NH··Cu2+– complexes, N atom forms coordination bond with Cu atom by 
sharing the lone pair electrons which enter the hybridization orbit of Cu. In comparison 
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with –NH3+, N atom forms covelant bond with H atom by donating one electron from the 
lone pair electrons and is hence positively charged. Therefore, the extent of the oxidation 
of N atom is higher in –NH3+ than in –NH2··Cu2+ or –NH··Cu2+– complexes, resulting in 
lower binding energy of the latter. Again, the relative peak ratios of N(1), N(2) and N(3) 
have been calculated from the areas under each peak in the spectra of Figures 3.3(d), (e) 
and (f) and the results are also given in Table 3.1. Clearly, the peak area ratios of N(3)/Nt 
representing the amount of –NH2··Cu2+ or –NH··Cu2+– complexes increased from 9.10% 
to 18.5% with the increase of the solution pH values from 2 to 4. The result confirmed that 
more copper ions were adsorbed at a higher solution pH value through forming the surface 
complexes of –NH2··Cu2+ or –NH··Cu2+–. It can also be found that the peak area ratios of 
N(2)/Nt for the protonated –NH3+ groups significantly reduced from 58.8% to 34.8% for 
solution pH values changing from 2 to 4. Hence, the deprotonation of the –NH3+ groups 
with increasing solution pH values favored the adsorption of copper ions on the adsorbent 
(due to the reduced electrostatic repulsion and more neutral amine groups available for 
copper adsorption). It is interesting to note that the peak area ratios of N(1)/Nt depicting 
the amounts of the neutral amine groups also increased with the increase of the solution 
pH values (from 32.1% at pH 2 to 46.7% at pH 4). This indicated that not all the neutral 
amine groups from the deprotonation of the –NH3+ groups were involved in the formation 
of –NH2··Cu2+ or –NH··Cu2+– complexes. In summary, the N 1s XPS spectra in Figure 3.3 
confirmed that higher solution pH values resulted in more neutral amine groups. Therefore 
more copper ions were adsorbed on the PGMA-DETA adsorbent because copper ion 
adsorption was mainly through forming surface complexes with the neutral amine groups 
on the surfaces of the adsorbent. 
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3.3.3 Adsorption isotherm study 
Adsorption isotherms examine how adsorbates interact with adsorbents and how 
adsorption uptakes vary with adsorbate concentrations at given pH values and 
temperatures. The experimental adsorption equilibrium uptakes (qe) of copper ions on the 
PGMA-DETA adsorbent at pH 5 and room temperature under different initial 
concentrations are shown in Figure 3.4 as a function of the equilibrium copper ion 
concentrations, Ce, in the solutions. The adsorption uptakes are observed to increase 
significantly with the increase of the equilibrium copper ion concentrations in the 
solutions initially, and then slowly augmented to approach the plateau after the copper ion 
equilibrium concentrations in the solutions became about 0.5 mmol/L and greater.  
 












 Freundlich Isotherm Fitting
 Langmuir Isotherm Fitting







Ce (mmol/L)  
Figure 3.4 Adsorption isotherm of copper ions on the PGMA-DETA adsorbent at pH 5.  
 
Three adsorption isotherm models (i.e., the Langmuir, the Freundlich and the Langmuir-
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Freundlich models) are commonly used to fit the experimental isotherm adsorption data. 
The model equations in Chapter 2 for these three isotherms have been listed below, with 










Freundlich isotherm: neFe CKq









CKq += 1 , where qm = KLF/bLF                      
(2.12) 
 
The fittings of the three isotherm models to the experimental adsorption isotherm data are 
also included in Figure 3.4 and the corresponding isotherm parameters determined from 
the fitting calculation are given in Table 3.2. It is clear that the Langmuir-Freundlich 
isotherm model gives much better fit than the Langmuir or Feundlich model, probably 
suggesting that copper ion adsorption on the PGMA-DETA adsorbent followed a 
phenomenon somewhat represented by both the Langmuir and the Freundlich isotherm 
models. In other words, the surfaces of the adsorbent may not be typically homogeneous 
or heterogeneous and it may be possible that copper ions were adsorbed on the adsorbent 
in a multi-layer manner (due to the relatively long chains of DETA with the amine groups 
located at various positions in the chains). From the values of KLF and bLF, the maximum 
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adsorption capacity of copper ions on the PGMA-DETA adsorbent, qm, is calculated to be 
1.5 mmol/g in this case. Under similar adsorption conditions, others have reported qm for 
copper ion adsorption on activated carbon to be 0.35 mmol/g (Yantasee et al., 2004), on 
amine (NH2)-functionalized activated carbon to be 0.86 mmol/g (Yantasee et al., 2004), on 
DETA-modified fibers to be 0.49 mmol/g (Deng et al., 2003), and on EDA-modified 
PGMA beads to be 1.10 mmol/g (Nastasović et al., 2004). Therefore, the PGMA-DETA 
adsorbent developed in this study has obvious comparative and competitive advantages.  
 
Table 3.2 Parameter values of the different types of adsorption isotherm models fitting to 
the experimental results in Figure 3.4 for copper ion adsorption on the PGMA-DETA 
adsorbents at pH 5. 















α R2  
 16.0 12.0 0.978  1.11 0.244 0.938 6.05 4.02 0.686 0.994  
 
3.3.4 Effect of ionic strengths on adsorption kinetics and capacity 
Solution ionic strength has commonly been recognized to affect surface interactions in a 
solution and thus can impact the adsorption of metal ions on various adsorbents. Since 
water or wastewater may always contain other ions than the heavy metal ions to be 
removed, it is of practical interest to examine how ionic strength affected copper ion 
adsorption on the PGMA-DETA adsorbent. Figure 3.5 shows the kinetic adsorption data 
from experiments conducted at three different ionic strengths (in 0, 0.01 and 0.1M NaNO3 
solutions). It can be clearly observed that the adsorption capacity of copper ions on the 
PGMA-DETA adsorbent increased with the existence of more Na+ and NO3- ions in the 
solutions and the adsorption kinetics became much faster at a higher NaNO3 concentration 
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in the solution. For example, it was found that about 80% of the total adsorbed copper ions 
were achieved in the first 10 min and the adsorption reached equilibrium in about 1 h in a 
solution with 0.1 M NaNO3. This is in contrast with only about 55% of the total copper 
ions adsorbed in the first 10 min and about 4 h taken in reaching adsorption equilibrium in 
the solution without NaNO3 (i.e., 0 M NaNO3). Hence, the results clearly indicate, at least, 
that the existence of mono valance ions in the solution favorably affected the adsorption 
performance of copper ions on the PGMA-DETA adsorbent.  
 






















 In 0 M NaNO3
 In 0.01 M NaNO3
 In 0.1 M NaNO3
  
Figure 3.5 Kinetic adsorption of copper ions on the PGMA-DETA adsorbent in solutions 
with different ionic strengths.  
 
 
Zeta potential analysis revealed that the PGMA-DETA adsorbent had a zero point of zeta 
potential at a pH value about 9.7 and the increase of ionic strengths reduced the magnitude 
of the positive zeta potentials of the adsorbent; see Figure 3.6. Thus, the surface 
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interaction for copper ion adsorption on the PGMA-DETA adsorbent became less 
repulsive or more attractive at a higher ionic strength in the solution. 
 


















 In 0 M NaNO3
 In 0.01 M NaNO3
 In 0.1 M NaNO3
 
Figure 3.6 ζ-potentials of the PGMA-DETA adsorbent at different solution pH values and 
with different ionic strengths in the solutions. 
 
Adsorption kinetic data are often analyzed with kinetic models to reveal whether an 
adsorption process is dominated by a physical or chemical adsorption phenomenon. The 
two most commonly used kinetic models, i.e., the Pseudo-First-Order and Pseudo-Second-
Order models, together with the model parameters described in Chapter 2, can be given 
respectively in their linearized forms as in Eq.(2.14) and Eq.(2.16) below: 
 













Table 3.3 Parameter values of the kinetics models fitting to the experimental results in 
Figure 3.5 for copper ion adsorption on the PGMA-DETA adsorbents at pH 5 and different 
ionic strengths. 
  Pseudo-Second-Order Model Pseudo-First-Order Model 
Ionic Conc.  qe k2 R2 k1×103 R2 
(mol/L)  (mmol/g) (g/(mmol min))  (min-1) 
0  0.445 0.410 0.998 0.0161 0.943 
0.01  0.466 1.24 0.999 0.0143 0.672 
0.1  0.475 2.04 1.00 0.0262 0.810 
 
The fitting of Eq.(3.5) and Eq.(3.6) to the experimental data in Figure 3.5 has been 
conducted and the model parameters from the calculation are given in Table 3.3. The 
results clearly show (Figure is not included, but correlation coefficients R2 in Table 3.3 
give the indication) that the adsorption kinetics closely followed the Pseudo-Second-Order 
kinetic model rather than the Pseudo-First-Order kinetic model, suggesting that the 
adsorption process was very fast, probably dominated by a chemical adsorption 
phenomenon. Greater ionic strengths are also clearly found to result in greater adsorption 
capacities and faster adsorption kinetics (greater values for qe and k2; see Table 3.3). 
 
3.3.5 Desorption studies 
Good desorption performance of an adsorbent is important in its potential practical 
applications. From the results in Figure 3.2, it has been found that the PGMA-DETA 
adsorbent did not adsorb copper ions significantly at pH<2, suggesting that the adsorbed 
copper ions on the PGMA-EDTA adsorbents may be possibly desorbed in an acidic 
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solution with a low solution pH value. Therefore, HNO3 solutions with different 
concentrations were examined in the desorption study.  
 
Figure 3.7 shows the desorption efficiency obtained at various HNO3 concentrations in the 
desorption solutions. It is interesting to note that the best desorption efficiency was 
achieved at 0.1 M HNO3 concentration and any higher or lower HNO3 concentrations than 
0.1 M actually caused lower desorption efficiencies. To explain this, one may assume that 
reactions taking place in the acidic desorption solutions can be given as:  
 
R1-NH2…Cu2+ + H+ Ù R1–NH3+ + Cu2+   
(3.2) 




where R1-NH2 denotes those sites adsorbed with copper ions and R2-NH2 those sites not 
adsorbed with copper ions. In a more acidic environment, the higher concentration of H+ 
will shift both Eq.(3.2) and Eq.(3.3) to the right hand side and more R-NH3+ (R=R1 or R2) 
will be generated. However, the generation of R-NH3+ will favor the reverse reaction of 
Eq.(3.2) to the left hand side, thus not favoring for the desorption of copper ions from the 
adsorbent. Therefore, when the concentration of HNO3 in the desorption solution became 
greater than 0.1 M, the reverse reaction in Eq.(3.2) actually started to hinder the 
desorption of copper ions from the adsorbents, resulting in a reduced desorption efficiency. 
On the other hand, a lower than 0.1 M HNO3 concentrations (lower H+ concentrations) in 
the desorption solution may not be sufficient to drive the reaction in Eq.(3.2) to the right 
hand side for copper desorption, thus the observed lower desorption efficiencies than that 
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at 0.1 M HNO3 concentration. In the literature, many desorption studies were only done at 
a specific condition. The results presented here show the importance to look into the effect 

























Figure 3.7 Desorption efficiency of copper ions from the PGMA-DETA adsorbent in 
solutions with different HNO3 concentrations.  
 
To provide other evidences on the desorption performance, XPS spectra were obtained for 
the PGMA-EDTA adsorbents after copper ion desorption at 0.1 and 2 M HNO3 
concentrations in the desorption solutions; as shown in Figure 3.8. The area ratios of the 
three amine sites, i.e., N(1) peak at 399.1 eV for –NH2, N(2) peak at 401.6 eV for –NH3+, 
and N(3) peak at 400.3 eV for –NH2··Cu2+ are given in Table 3.4. It can be found that most 
of the amine groups were protonated in both desorption studies with 0.1 and 2 M HNO3 
solutions, with N(2) representing the –NH3+ groups to be 78.2% and 81.5% respectively. 
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The N(3) contents representing the amount of –NH2··Cu2+ on the adsorbent were much 
less (5.14%) for desorption conducted in 0.1 M HNO3 solution than that (7.29%) in 2 M 
HNO3 solution. In other words, more copper ions were desorbed from the adsorbent (i.e., 
less remained on the adsorbents) in 0.1 than in 2 M HNO3 desorption solution. The XPS 
analyses thus clearly support the results shown in Figure 3.7 and the discussion with 
Eq.(3.2) and Eq.(3.3) early. 
 
 






















Desorption with 0.1 M HNO3
 
 
Figure 3.8 N1s XPS spectra of the PGMA-DETA adsorbent after copper ion desorption in 
0.1 and 2 M HNO3 solutions, respectively. (The definitions of N(1)-N(4) are the same as 




Table 3.4 Surface composition of different types of amine groups on the PGMA-DETA 
adsorbents after copper ion desorption in HNO3 solutions, based on XPS analysis results.  
 Contents of different types of amine groups 
 N(1)/Nt N(2)/Nt N(3)/Nt 
Desorbed in 2 M HNO3 solution 11.2% 81.5% 7.29% 
Desorbed in 0.1 M HNO3 solution 16.7% 78.2% 5.14% 
 
Note: copper ion adsorbed on the adsorbents was about 0.5mmol/g.  
 
The denotations for N(1), N(2), N(3) and Nt are the same as those in Table 3.1.  
 
 
The desorption kinetics of copper ions from the PGMA-DETA adsorbent was further 
examined in a 0.1 M HNO3 desorption solution. From the experimental results shown in 
Figure 3.9, it is observed that the desorption kinetics was very fast and greater than 80% 
of the desorption efficiency was actually achieved within the first 1 min.  
 
                



























Figure 3.10 shows the amounts of copper ions adsorbed on the PGMA-EDTA adsorbent 
from five repeated adsorption-desorption cycles. The percentage of the copper ion uptake 
in the five-cycle was quantified compared to the copper ion uptake percentage (100%) of 
the first cycle adsorption, as shown in Figure 3.10. It can be found that, the PGMA-DETA 
adsorbents can be effectively reused in the copper ion adsorption performance.  
 
              































Five Cycle of Adsorption-Desorption  
Figure 3.10 Amounts of copper ions adsorbed on the PGMA-DETA adsorbent in five 









DETA can be successfully grafted onto PGMA micro granules through a simple solution 
reaction to obtain PGMA-DETA adsorbents with high amine contents. The grafting was 
achieved through a reaction between an amine group of DETA with an epoxy group of 
PGMA. The PGMA-EDTA adsorbents showed excellent adsorption performance for 
copper ions at solution pH>3. Copper ion adsorption on the PGMA-EDTA adsorbents was 
mainly through forming surface complexes with the neutral amine groups on the 
adsorbents and higher solution pH values resulted in better adsorption performance of 
copper ions on the adsorbents in the pH range of 1-6 studied. The experimental adsorption 
isotherm data were best fitted with the Langmuir-Freundlich isotherm model and the 
maximum adsorption capacity was calculated to be 1.5 mmol/g at the solution pH value of 
5 examined. The adsorption kinetics closely followed the Pseudo-Second-Order kinetic 
model, indicating the importance of chemical adsorption in the process. Ionic strength had 
an influence on the adsorption of copper ions on the PGMA-DETA adsorbents and an 
increase in the ionic strength improved the adsorption capacity and resulted in faster 
adsorption kinetics. Desorption in different HNO3 solutions showed that the acidic 
conditions greatly affected the desorption performance and 0.1 M HNO3 solution achieved 
the best desorption efficiency, with 80% of the desorption efficiency being completed in 
the first 1 min. Repeated adsorption-desorption study indicated that the PGMA-DETA 
adsorbents can be effectively reused for copper ion adsorption almost without any 











STUDY OF SELECTIVE REMOVAL OF COPPER AND LEAD IONS BY 
DIETHYLENETRIAMINE-FUNCTIONALIZED PGMA ADSORBENT: 







The selective removal of copper and lead ions from aqueous solutions by 
diethylenetriamine (DETA) functionalized polymeric adsorbent were investigated. The 
adsorbent was prepared by amination of the micro beads synthesized from glycidyl 
methacrylate and trimethylolpropane trimethacrylate co-polymerization (denoted as P-
DETA). In the single metal species system (only copper or lead ions present), P-DETA 
was found to adsorb copper ions or lead ions significantly (with a slightly higher 
adsorption uptake capacity for lead ions than copper ions). However, P-DETA displayed 
an excellent selectivity in the adsorption of copper ions over lead ions in the binary metal 
species system (with both copper and lead ions present). It was also found that initially (or 
previously) adsorbed lead ions on P-DETA were displaced, even completely, by 
subsequently adsorbed copper ions from the solution but the case was not vice versa. The 
greater electronegativity of copper ions than lead ions is identified as the major cause that 
P-DETA selectively adsorbed copper ions over lead ions during the competitive adsorption 
in the binary metal species system. It was speculated that the displacement of adsorbed 
lead ions on P-DETA by later adsorbed copper ions was through an adjacent attachment 
and repulsion mechanism. The present work shows the potential for P-DETA to be used 
not only for the removal but also the selective recovery of copper and lead species in 







4.1 Introduction  
Heavy metal ions are non-biodegradable, can be toxic and carcinogenic even at relatively 
low concentrations, and, hence, often pose a serious threat to the environmental and public 
health (Inglezakis et al., 2003; Zhou et al, 2004; Vilar et al., 2007). Heavy metal ions are 
commonly found in industrial effluents and some of the heavy metal ions may be present 
in high concentrations (Dabrowski et al., 2004; Hunsom et al., 2005). For example, in the 
manufacture of printed circuit boards (PCBs) in the electronic industry, the etching of the 
laminated copper layer and the stripping of the lead resist generated spent etching solution, 
stripping solution and rinsing solution and formed a large quantity of wastewater 
containing both copper and lead ions (Edwards et al., 1995; Scott et al., 1997; Lee et al., 
2003; Naseem et al., 2005). Another example of copper and lead ion wastewater is the 
effluent from the acid mine drainage (Abandoned Mine Site Characterization and Cleanup 
Handbook, 2000; Tabak et al., 2003). Since copper and lead ores are often found in rocks 
with sulfide minerals, the acid mine drainage usually contains dissolved copper and lead 
ions in the wastewater. Besides, industries such as chemical, pluming, fertilizer and 
battery manufacturing also often produce various amount of wastewater containing copper 
and lead ions (Meena et al., 2005). From the health and economic points of view, it is of 
great practical and research interest to be able to effectively remove these heavy metal 
ions from the wastewaters and, at the same time, possibly separate them each other for 
recovery and reuse.   
 
Traditional technologies used to remove heavy metal ions from a solution may involve 
various processes. For example, in the removal of copper and lead ions in the PCB 
industry, processes such as precipitation, filtration, electrodeposition, solvent extraction 
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and electrowinning, etc. may be involved (Scott et al., 1997; Lee et al., 2003). The 
disadvantages of those processes often include the production of toxic sludge that is 
difficult for further disposal or the high operational cost arising from the high 
consumption of chemicals or electricity. As an alternative, selective adsorption technology 
has received increasing attention in recent years due to its simplicity, high-efficiency and 
low-cost in the removal of heavy metal ions from aqueous solutions (Hu et al., 2005; Pan 
et al., 2006; Liu et al., 2006a).  
 
In the selective adsorption technology, adsorbents with functional groups, such as 
iminodiacetic, thiol and amine groups, play the vital role in the adsorption performance 
and selectivity (Höll et al., 1991; Vilensky et al., 2002; Yan and Bai, 2002; Deng et al., 
2003). In particular, adsorbents with nitrogen-containing functional groups have been 
widely explored because these functional groups have been found to be one of the most 
effective functionality in the adsorption or removal of heavy metal ions (Yoshitake et al., 
2002; Jeon and Höll, 2003; Atia et al., 2003; Takafuji et al., 2004; Nastasović et al., 2004; 
Deng and Bai, 2004; Li and Bai, 2005b). Research attention has also been paid to the 
possibility of selective removal of individual species of heavy metal ions with functional 
adsorbents (Warshawsky et al., 2000; Kiefer and Höll, 2001; Stöhr et al., 2001; Li et al., 
2002; Pavan et al., 2003; Lam et al., 2006b; Hudson et al., 2006). However, most of the 
studies were not designed to examine the selective adsorption behaviors and mechanisms 
in details.  
 
In the previous chapter, PGMA beads were prepared and surface functionalized with 
diethylenetriamine (DETA) for Cu ion adsorption (Liu et al., 2006a). However, portions of 
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irregular and broken forms of adsorbents were found after preparation, indicating the need 
for improvement of the mechanical strength. In addition, the previous chapter mainly 
studied the adsorption performance and mechanism of a single heavy metal ion with 
PGMA-DETA, while the selective adsorption of heavy metal ion in the presence of other 
heavy metal ions has not been investigated.  
 
In this chapter, the preparation of PGMA beads through suspension polymerization was 
improved. The thus prepared PGMA beads as the substrate were functionalized with 
diethylenetriamine (DETA) for the removal of copper and lead ions in aqueous solutions, 
especially under competitive adsorption conditions in a binary metal species system. A 















4.2 Materials and methods 
4.2.1 Materials 
The chemicals used to prepare the adsorbent included glycidyl methacrylate (GMA, 97% 
and stabilized, from Acros Organics Co. USA), trimethylolpropane trimethacrylate (TRIM, 
from Altrich), benzoyl peroxide (BPO, from MERCK), toluene (99.7%, from Fluka, 
Japan), polyvinyl alcohol (PVA, from Sigma), and diethylenetriamine (DETA, 99%, from 
Aldrich). Copper (II) and lead (II) solutions used in the adsorption experiments were 
prepared from copper nitrate [Cu(NO3)2·3H2O, from Riedel-de Haën) and lead nitrate 
[Pb(NO3)2, from Merck]. Copper (II) and lead (II) solutions for ICP calibration in the 
analysis were prepared from 1000 mg/L of Cu(NO3)2 and Pb(NO3)2 standards from Merck. 
Deionized (D.I.) water was use to prepare all solutions in this study.  
 
4.2.2 Preparation of P-DETA polymeric adsorbent  
The method used to prepare the DETA-functionalized polymeric adsorbent, (i.e., P-DETA) 
was similar to that described in detail elsewhere (Liu et al., 2006a). In brief, the synthesis 
was carried out in a 250 mL three-necked round bottle flask equipped with a mechanical 
stirrer, a reflux condenser and a nitrogen inlet. A 130 mL of 1% (w/v) PVA solution was 
added into the flask and heated to 60οC with stirring under nitrogen atmosphere. In 
another flask, 3.5 mL of GMA, 3.5 mL of TRIM, 14 mL of toluene and 0.05 g of BPO 
were mixed together (by stirring for 20 minutes) to form a homogeneous solution. Then, 
the solution was slowly and continuously added into the flask with the PVA solution at 
60οC. The mixture in the flask was stirred at 300 rpm under nitrogen atmosphere for the 
polymerization reaction to proceed for 8 hours. Finally, the mixture in the flask was 
cooled slowly to the ambient temperature (23-25 oC) and the polymeric beads in the 
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mixture were separated from the liquid through filtration with a No.4 filter paper on a 
Buchner funnel. The beads were then Soxhlet extracted for 12 hours in ethanol and dried 
in vacuum at room temperature for further use.  
 
The polymeric beads were subsequently functionalized with DETA. For a batch 
preparation, a 20 mL Pyrex® test tube was added with 8 mL of 1,4-dioxane and 1 g of the 
polymeric beads. The mixture was degassed with argon gas for 20 minutes. Then, 2 mL of 
DETA was added into the mixture and the tube was immediately sealed with silicon rubber. 
The reaction in the tube was allowed to proceed at 60 oC in an oil bath with gentle stirring 
for 8 hours. The beads in the tube were separated by filtration with a Buchner funnel and 
repeatedly washed with D.I. water till the pH of the washing water became about the same 
as the fresh DI water. Finally, the beads were dried in a vacuum dryer at room temperature 
to a constant weight and later used as the adsorbent in the adsorption study. The DETA 
functionalized adsorbent in this chapter is referred to as P-DETA.  
 
4.2.3 Batch adsorption study 
All the adsorption experiments were carried out with a batch factor (the ratio of solution 
volume to adsorbent mass) of 1000 mL/g and under room temperature (23-25 oC). For 
clear comparison, adsorption experiments for copper and lead ions on P-DETA were 
evaluated in both single metal species and binary metal species systems, respectively. The 
pH effect on the adsorption performance was examined in the pH range of 1-5 (initial pH 
values) at an initial metal ion concentration of 4 mmol/L for copper or lead ions (in single 
metal species system) or each of both (in binary metal species system). A 20 mg amount of 
P-DETA was added into 20 mL of a metal ion solution in a 22 mL vial, with the pH being 
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adjusted to a desired value with NaOH or HNO3. The content of the vial was shaken on a 
rotary shaker at 160 rpm for 24 hours and the final metal ion concentration was analyzed. 
The effect of metal ion concentration on the adsorption performance was conducted at pH 
3, 4, and 5. A number of 22 mL vials were each added with 20 mg P-DETA and 20 mL of 
a metal ion solution with an initial concentration varying in the range of 0.4-4 mmol/L for 
each or both of the metal species. The vials were shaken on a rotary shaker at 160 rpm for 
24 hours (greatly more than the adsorption equilibrium time of 6-7 hours) and the final 
metal ion concentration in each of the vials was analyzed. The equilibrium time of 6-7 
hours for P-DETA is longer than that of 1-4 hours for PGMA-DETA shown in Chapter 3, 
due to the less amine content of P-DETA (as explained in Section 4.3.1 later in this 
chapter). Since the amine content is lower, less amine groups will be accessed and 
contacted by Cu ion in the solution during adsorption process, which may result in longer 
adsorption period to reach equilibrium. The study of adsorption kinetics was carried out in 
a 600 mL beaker containing 400 mg P-DETA and 400 mL of a metal species solution with 
pH at 5. The initial metal ion concentration for copper or lead in the single metal species 
experiments was 4 mmol/L. For the binary metal species experiments, the initial copper 
ion concentration was 4 mmol/L but a different initial lead ion concentration of 4, 1 or 0.5 
mmol/L was used, respectively (to provide a different ratio of copper to lead ion 
concentration at 4:4, 4:1 or 4:0.5). The beaker was covered with a film and the content of 
the beaker was stirred on a magnetic stirrer for a time up to 6 hours or more. Samples 
(about 1.5 mL each) were taken out at desired time intervals for the analysis of metal ion 
concentrations.  
 
An attempt was made to examine whether one metal species (e.g., lead ion) adsorbed early 
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on P-DETA would be displaced by the other metal species (e.g., copper ion) subsequently 
adsorbed from the solution. P-DETA was first adsorbed with lead ions by placing 400 mg 
of P-DETA in 400 mL of lead ion solution at pH 5 with an initial lead ion concentration of 
4 mmol/L for 24 hours. The adsorbent loaded with lead ions (denoted as P-DETA-Pb) was 
separated through filtration and then added (a) into 400 mL of a copper ion solution with 
pH 5 and an initial copper ion concentration of 4 mmol/L, or (b) into 400 mL of DI water 
(blank solution) with pH 5, or (c) first into 400 mL of DI water with pH 5 and then into 
400 mL of a copper ion solution with pH 5 and an initial copper ion concentration of 4 
mmol/L, for a time up to 5 hours. Samples were taken to examine the kinetic changes of 
the metal ion concentrations in the solutions. For easy of reference, (P-DETA-Pb)-Cu, (P-
DETA-Pb)-W, and (P-DETA-Pb)-W-Cu are used to represent the cases in (a), (b) and (c) 
above, respectively.  
   
Similar experiments were conducted for the adsorbent loaded with copper ions (denoted as 
P-DETA-Cu). Again for the simplicity in the following discussion, (P-DETA-Cu)-Pb, (P-
DETA-Cu)-W, and (P-DETA-Cu)-W-Pb are used, respectively, to represent the cases of  
placing P-DETA-Cu into (d) 400 mL of a lead ion solution with pH 5 and an initial lead 
ion concentration of 4 mmol/L, or (e) 400 mL of DI water (blank solution) with pH 5, or (f) 
first into 400 mL of DI water with pH 5 and then 400 mL of a lead ion solution with pH 5 
and an initial lead ion concentration of 4 mmol/L, for a time up to 5 hours.   
 
In this study, copper and lead ion concentrations in all the samples were also analyzed 
with the Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Perkin 
Elmer Optima 3000DV). The samples were filtered with 0.45 μm Waterman® 
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polypropylene (PP) membrane filters before the analysis by ICP-OES. Under the 
experimental conditions of pH values and metal ion concentrations examined, no metal 
precipitation would occur as predicted by MINEQL+ software analysis (Schecher and 
McAvoy, 2003).  
 
4.2.4 Characterizations  
The total amine content of P-DETA was determined by Elemental Analysis with a CHN 
analyzer (Perkin Elmer 2400II, USA). Blank run and K-factor calibration was done before 
the analysis of the samples. Standard samples (acetanilide, Perkin Elmer) with known C, 
H and N contents were also used to check the accuracy (The results showed that the error 
from the CHN analyzer was less than 2% for all C, H and N elements). P-DETA (with a 
weight in the range of 0.900-1.100 mg) was carefully weighed for the analysis, and four 
parallel analyses were made. The average N content of the four P-DETA samples was used 
to represent the total amine content of P-DETA in the study.  
 
A titration method was used to estimate the accessible amine contents of P-DETA for 
heavy metal ion adsorption (Zhu and Alexandratos, 2005). A 200 mg amount of P-DETA 
was added into 10 mL of 1M HNO3 solution for 48 hours for the protonation of the amine 
groups of P-DETA. Then, the protonated P-DETA was separated by filtration through a 
0.45 μm Whatman® PP membrane filter and the solution was collected. The initial and 
final concentrations of HNO3 in the solution were determined through volumetric titration 
with NaOH by a titrator (Titrino 799GPT, Metrohm, Switzerland). To do this, 1 mL of the 
initial and final solutions was diluted respectively into 100 mL with DI water and was 
titrated against 0.1M NaOH (Titriso®, FLUKA) solution to obtain the concentrations of 
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HNO3 in the two samples. The difference in the acid concentrations was used to calculate 
the acid capacity of P-DETA. The accessible amine content of P-DETA was then obtained 
from the assumption that one neutral amine consumed one proton.  During the titration 
analysis, the minimum increment of the titrant was set at 50 μl/min and the dose rate at 1 
mL/min. The signal drift was 10 mV/min and the equilibrium time criteria for each data 
point were 52 s. The stop pH was set to 12. The equilibrium point (EP) and the 
corresponding titrant volume were recorded by the titrator when the titration was 
accomplished. The acid concentration was calculated according to the strong acid – strong 
base reaction. 
  
The morphologies of the polymeric micro beads before and after the DETA 
functionalization were obtained with a Field-Emission Scanning Electron Microscope 
(FESEM, JEOL, JSM-6700F, Japan). Samples were adhered onto the conductive tape on 
the stub and coated with platinum under high vacuum condition before the FESEM 
observation. A volumetric sorption analyzer (Quantachrome, NOVA300) was used to 
determine the pore volume, average pore diameter and specific surface area of P-DETA 
through nitrogen adsorption. The samples were first degassed at 40 oC with nitrogen 
overnight before the analysis. The specific surface areas were determined by the Brunauer-
Emmett-Teller (BET) method in the relative pressure range of 0.05-0.35 (in terms of p/p0, 
where p is the working pressure during BET analysis, and p0 is the atmospheric pressure). 
The total pore volume and the average pore diameter of the beads were derived from the 
Barrett-Joyner-Halenda (BJH) model. 
 
Fourier Transform Infrared spectroscopy (FTIR, Bio-Rad, Model FTS135, USA) was used 
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to characterize the chemical bonds of P-DETA before and after copper or lead ion 
adsorption. The granule samples were blended with KBr, ground and pressed into discs for 
the FTIR scans. The FTIR spectra of the samples were obtained from 64 scans with a 2 
cm-1 resolution in the range of 400-4000 cm-1 for each sample. X-ray Photoelectron 
Spectroscopy (XPS, AXIS HIS spectrophotometer, Kratos Analytical Ltd., U.K.) was used 
to characterize the oxidation states of the relevant elements on the surface of P-DETA with 
or without heavy metal ion adsorption. The XPS analysis used an Al Kα X-ray source 
(1486.7 eV of protons) and a high vacuum of 10-8 Torr was maintained in the XPS 
chamber. To compensate for the surface charging effect, all the binding energies were 
referred to 284.6 eV of the neutral C 1s peak. The XPSpeak 4.1 software was used to 
deconvolute the XPS spectra of each relevant element into subcomponents. The line-width 
(full width at half-maximum or FWHM) was maintained constant for all the components 














4.3.1 Properties of P-DETA adsorbent 
The adsorbent was found to have a reasonably good spherical shape, with an average size 
at around 100 μm. Figure 4.1 shows the typical overall morphology and the surfaces of the 
beads before and after the DETA functionalization. The surface porous structure appears to 
be enhanced after the modification with DETA. The average pore size, porosity, specific 
surface area, and the content of amine functional group of P-DETA are given in Table 4.1. 
The adsorbent has a relatively large specific area (about 70 m2/g) and the pore sizes are at 
above 10 nm, sufficiently large to allow free passage of metal ions to access the internal 
adsorption sites. The amine contents of P-DETA determined from the titration (assumed as 
accessible) and elemental analyses (assumed as total) are both high and close (3.80 versus 
3.92 mmol/g), suggesting that most of the amine functional groups (nearly 96%) may be 








Figure 4.1 FESEM images showing (a) the typical shape of polymer bead, (b) the surface 
morphology of the polymer bead and (c) the surface morphology of P-DETA (i.e., DETA 








Table 4.1 Pore diameter, pore volume, specific surface area and amine contents of the 
polymer bead and P-DETA 
 
* as determined by BET analysis. 
 
† as determined by Elemental Analysis. The amine content was calculated in terms of 
Nitrogen atom content.  
 
‡ as determined by titration method. The amine content was calculated in terms of 
Nitrogen atom content. 
 
A comparison of the properties for PGMA-DETA prepared in Chapter 3 and P-DETA 
prepared in this chapter showed that, P-DETA was lower in amine content and smaller in 
size than PGMA-DETA. In this chapter, the crosslinker TRIM was used to improve the 
mechanical strength of the PGMA beads. However, due to the addition of the crosslinker 
which can be regarded as the non-functional part of the polymer (containing no epoxy 
group), the content of the epoxy group was less for PGMA prepared in this chapter than 
for PGMA prepared in Chapter 3. Therefore, when PGMA was surface functionalized with 
DETA, which reacted with the epoxy group, the amine content was subsequently lower for 
P-DETA than PGMA-DETA.  
 
For the smaller size of PGMA in this chapter than the PGMA prepared in Chapter 3, the 
reason was probably due to the difference in the ratio of the dispersant (PVA) content to 
the “oil droplets” content (polymerization media containing monomer, crosslinker and 











 nm cm3/g m2/g mmol/g mmol/g 
Polymer 
beads 
12.5 0.230 72.5 — — 
P-DETA 16.6 0.290 70.1 3.93 3.80 
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of PVA was to disperse the small “oil droplets” by surrounding at the outside of them as a 
protection layer.  Polymerization occurs within the oil droplet forming PGMA beads. For 
both polymerization in Chapter 3 and this chapter, 1% of PVA solution was used. However, 
the “oil droplets” contents were different. In Chapter 3, 10 mL GMA (monomer) and 20 
mL cyclohexanol (porogenic agent) were used to form the “oil droplets” and the total 
amount was 30 mL. In this chapter, 3.5 mL GMA (monomer), 3.5 mL TRIM (crosslinker) 
and 14 mL toluene (porogenic agent) were used to form the “oil droplets”, and the total 
amount was 21 mL. Therefore, for the similar amount of PVA as dispersant, more PVA 
content was attached to the PGMA beads in this chapter than the ones in Chapter 3, thus 
having better dispersion fact, and rendering the beads smaller.  
 
4.3.2 Adsorption performance of P-DETA for copper and lead ions in single metal 
species system 
Figure 4.2 shows the adsorption behaviors of P-DETA for copper or lead ions in single 
species system under various conditions. In Figure 4.2(a), it is observed that the 
adsorption uptake amounts at adsorption equilibrium increased with the increase of the 
solution pH values, particularly in the pH range of 2 to 4. Copper and lead species 
behaved similarly and the maximum adsorption uptakes (i.e., copper 1.16 mmol/g and 
lead 1.32 mmol/g) were achieved at pH 5 in the pH range of 1-5 examined. From the 
results in Figure 4.2(b) for copper ions and Figure 4.2(c) for lead ions, it is clear that the 
adsorption of copper or lead ions on P-DETA was also dependent on the metal ion 
concentrations. However, copper adsorption on P-DETA displayed the characteristics of 
relatively high uptake amounts with low equilibrium concentrations in the solution (e.g., 
qe values are up to 0.7 mmol/g at pH 3 and 1 mmol/g at pH 4 or 5 with Ce at only 0.3 
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mmol/L or less). Further augmentation in qe at Ce greater than 0.3 mmol/L was almost 
insignificant.  
 




























































































Figure 4.2 Copper and lead adsorption on P-DETA adsorbent in the single species system: 
(a) pH effect (C0 = 4.0 mmol/L); (b) Cu adsorption isotherm (C0 = 0.4 – 4 mmol/L); (c) Pb 
adsorption isotherm (C0 = 0.4 – 4 mmol/L); and (d) adsorption kinetics (pH5, C0 = 4.0 
mmol/L). The trend lines in Figure (b) and (c) were from the fitting of the Langmuir 
isotherm model.  
 
Note: qe: equilibrium adsorption uptake; Ce: equilibrium metal ion concentration; C0: 
initial metal ion concentration; adsorption at room temperature (23-25 oC); pH values 
being the initial values. 
 
In contrast, lead uptake amounts on P-DETA showed much greater dependence on the 
equilibrium concentrations (Ce) in the solution and the uptake amounts (qe) increased 
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gradually with Ce at Ce up to a level of about 2.5-3 mmol/L or more, even though the final 
adsorption amounts of lead on P-DETA became slightly greater than those for copper 
under each of the pH conditions examined. The Langmuir isotherm model was found to fit 
the experimental data well and the maximum adsorption capacity of P-DETA was derived 
to be 1.17 mmol/g for copper ions and 1.35 mmol/g for lead ions at pH 5, respectively. In 
Figure 4.2(d), the adsorption kinetic results further demonstrate that the adsorption of 
copper and lead ions on P-DETA was both generally fast and most of the adsorption 
uptake was accomplished within the first one hour of adsorption. The results in Figure 4.2 
therefore show that P-DETA was effective to adsorb either copper or lead ions from 
aqueous solutions at near neutral pH values and with fast adsorption kinetics. The 
adsorption capacities of copper or lead ions on P-DETA were comparable (slightly greater 
for lead ions than for copper ions), but the adsorption uptake amounts of lead ions was 
much more dependent upon the equilibrium concentrations in the solution than those of 
copper ions. 
 
4.3.3 Adsorption performance of P-DETA for copper and lead ions in binary metal 
species system 
Figure 4.3 shows the competitive adsorption results of copper and lead ions on P-DETA 
from the binary metal species solutions where copper and lead species both existed at an 
equal initial concentration. From the results in Figure 4.3(a), it is interesting to note that 
copper ion adsorption on P-DETA had similar performance to that in the single metal 
species system, but lead ion adsorption on P-DETA was greatly depressed by the presence 
of copper ions in the pH range of 1-5 examined. As a result, copper ions were selectively 
adsorbed and separated from lead ions in the binary metal species system. Under varying 
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initial metal ion concentrations (0.4-4 mmol/L), the isotherm adsorption results in Figure 
4.3(b) show that copper ion adsorption behaved again similarly as in the single metal 
species system [shown in Figure 4.2(b)], but lead ion adsorption was significantly 
different from those in the single metal species system [shown in Figure 4.2(c)]. At low 
initial concentrations (hence low equilibrium concentrations), some lead ions were also 
adsorbed on P-DETA, accompanied with the considerably greater amount of copper ions 
adsorbed on P-DETA (particularly in the case of higher pH, e.g., at pH 4 or 5). At higher 
initial concentrations (or higher equilibrium concentrations), however, less or even no lead 
ion adsorption on P-DETA occurred, although copper ion adsorption remained significant 
and even slightly increased with the equilibrium concentrations. These results are in 
contrast with those in the single species system where lead adsorption apparently 
increased with the initial concentrations (or equilibrium concentrations) and even had a 
slightly higher adsorption capacity. Figure 4.3(c) shows the competitive adsorption 
behaviors of copper and lead ions in the binary metal species system with the initial 
concentrations of copper to lead controlled at 4:4, 4:1, and 4:0.5 (in terms of mmol/L) 
under a typical pH of 5. In all the three cases, copper ion adsorption was about the same 
and the uptake amounts increased with the adsorption time. On the contrary, lead ions 
were found to be adsorbed initially but the uptake amounts subsequently reduced 
gradually and, finally, became almost negligible after 2 hours. Obviously, the initially 
adsorbed lead ions on P-DETA were subsequently released from the adsorbent into the 
solution in the competitive adsorption process. Thus, the results in Figure 4.3 show the 
strong competitive and selective adsorption behavior of copper ions over lead ions on P-
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Figure 4.3 Copper and lead adsorption on P-DETA adsorbent in the binary species system: 
(a) pH effect (Copper C0 = 4.0 mmol/L; Lead C0 = 4.0 mmol/L); (b) Copper and lead 
isotherm adsorption (Copper C0 = 0.4 - 4.0 mmol/L; Lead C0 = 0.4 - 4.0 mmol/L; Copper 
and lead at equal concentrations);  (c) Kinetic adsorption (pH=5, Copper C0 = 4.0 mmol/L; 
Lead C0 = 4.0, 1.0 and 0.5 mmol/L respectively).  
 
Note: qe: equilibrium adsorption uptake; Ce: equilibrium metal ion concentration; C0: 
initial metal ion concentration; adsorption at room temperature (23-25 oC); pH values 




































































0 50 100 150 200 250 300
 




Figure 4.4 Copper and lead displacement adsorption kinetics at pH5 (P-DETA-Pb: P-
DETA adsorbed with lead at 1.26 mmol/g, (P-DETA-Pb)-Cu: P-DETA-Pb placed in 4 
mmol/L copper solution, (P-DETA-Pb)-w: P-DETA-Pb placed in D.I. water, (P-DETA-
Pb)-w-Cu: (P-DETA-Pb)-w subsequently placed in 4 mmol/L copper solution, P-DETA-
Cu: P-DETA adsorbed with copper at 1.13 mmol/g, (P-DETA-Cu)-Pb: P-DETA-Cu placed 
in 4 mmol/L lead solution, (P-DETA-Cu)-w: P-DETA-Cu placed in D.I. water, (P-DETA-




4.3.4 Mutual displacement of copper and lead ions 
The results in Figure 4.3(c) have indicated that the earlier adsorbed lead ions on P-DETA 
were displaced by the later adsorbed copper ions in the adsorption process. Further 
experimental results were therefore obtained to verify such a phenomenon. Figures 4.4(a) 
to 4.4(c) show the kinetic results that P-DETA, already loaded with 1.26 mmol/g lead ions 
(denoted as P-DETA-Pb) from a lead ion solution with an initial concentration of 4 
mmol/L and an initial pH value of 5, was placed in a copper ion solution with an initial 
concentration of 4 mmol/L [denoted as (P-DETA-Pb)-Cu in Figure 4.4(a)], or in DI water 
[denoted as (P-DETA-Pb)-w in Figure 4.4(b)] and then followed in a copper ion solution 
with an initial concentration of 4 mmol/L [denoted as (P-DETA-Pb)-w-Cu in Figure 
4.4(c)], respectively, under the same pH value of 5. From Figure 4.4(a), it is found that an 
amount of 1.30 mmol/g of copper ions was adsorbed from the solution on to P-DETA-Pb 
and about 1.17 mmol/g (about 93%) of the adsorbed lead ions was released from P-DETA-
Pb into the solution. In the blank experiment, i.e. Figure 4.4(b), only about 0.49 mmol/g 
(39%) of the adsorbed lead ion was released in to the D.I. water from P-DETA-Pb. When 
the adsorbent was separated from the blank experiment and further placed into the copper 
ion solution, the results in Figure 4.4(c) show that a further 0.66 mmol/g (about 52.4%) of 
the adsorbed lead ions was released from P-DETA-Pb into the solution and, consequently, 
a significantly greater amount of copper ions (about 1.27 mmol/g) was adsorbed onto the 
adsorbent. Similar adsorption kinetic results on the behaviors of P-DETA-Cu (P-DETA 
loaded with 1.13 mmol/g copper ions from a copper ion solution with an initial 
concentration of 4 mmol/L at pH 5) in various type of solutions are shown in Figure 4.4(d) 
to 4.4(f), including placed in a lead ion solution with an initial concentration of 4 mmol/L 
[denoted as (P-DETA-Cu)-Pb in Figure 4.4(d)], or in DI water [denoted as (P-DETA-Cu)-
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w in Figure 4.4(e)] and then followed in a lead ion solution with an initial concentration of 
4 mmol/L [denoted as (P-DETA-Cu)-w-Pb in Figure 4.4(f)], respectively, under the same 
pH value of pH 5. The results in Figure 4.4(d) show that only about 0.13 mmol/g of lead 
ions was adsorbed from the solution on to P-DETA-Cu and an insignificant amount of 
adsorbed copper (about 0.03 mmol/g or 2.6%) was released from P-DETA-Cu into the 
solution. In the blank experiment, only about 0.11 mmol/g (or 9.7%) of the adsorbed 
copper ions was released into the DI water [Figure 4.4(e)]. Subsequently in the lead 
solution, a small amount of lead ions (about 0.17 mmol/g) was adsorbed (results were 
quite unstable) and no further release of the adsorbed copper ions on P-DETA-Cu into the 
lead solution was detected [see Figure 4.4(f)]. In other words, adsorbed copper ions on P-
DETA were not displaced, at least being insignificant, by the subsequent adsorption of 















4.4.1 Adsorption mechanisms of copper and lead ions on P-DETA 
To elucidate the mechanism, the surface interactions involved in the adsorption process 
(with pH 5) are examined. The FTIR spectra of P-DETA, P-DETA-Cu, P-DETA-Pb are 
shown in Figures 4.5(a), 4.5(b) and 4.5(c), respectively. In comparison with the FTIR 
spectrum of P-DETA in Figure 4.5(a), the FTIR spectra of P-DETA-Cu and P-DETA-Pb in 
Figure 4.5(b) and 4.5(c) show the disappearance of the three peaks at 1644, 1558 and 1473 
cm-1 and the appearance of a new peak at 1633 or 1635 cm-1, respectively. All these 
changes after metal ion adsorption on P-DETA are related to the chemical bonds involving 
the nitrogen atom [The peaks at 1644, 1558 and 1473 cm-1 are attributed to the 
deformation vibration of N-H in primary amine (–NH2), N-H in secondary amine (>NH) 
and C-H in –N-CH2- groups, respectively (Wootthikanokkhan et al., 2001; Puviarasan et 
al., 2002; Hu et al., 2004)]. Furthermore, the peak at 1633 or 1635 cm-1 can be attributed 
to the vibration of the nitrogen atoms that formed a coordination bond with a heavy metal 
ion (Constable 1990). Hence, the FTIR results confirm the mechanism that the adsorption 
of copper or lead ions on P-DETA involved the formation of coordination bonds with the 
nitrogen atoms in the amine groups of DETA. It is also observed that a very strong new 
peak at 1383 cm-1 occurred in the FTIR spectra of P-DETA-Cu and P-DETA-Pb in Figures 
4.5(b) and 4.5(c). The peak at 1383 cm-1 is a characteristic peak for the stretching 
vibration of NO2 in the NO3- ions (Takafuji et al., 2004). Hence, NO3- ions were on the 
surface of P-DETA to balance the electrical charges of the adsorbed copper or lead ions.  
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Figure 4.5 FTIR spectra of P-DETA, P-DETA-Cu and P-DETA-Pb. 
 
To elaborate on the FTIR results, the XPS spectra of P-DETA, P-DETA-Cu and P-DETA-
Pb (from the same solution pH of 5) are examined in Figure 4.6. From the wide scans in 
Figures 4.6(a)-4.6(c), in addition to the characteristic peaks of C1s (285 eV), N1s (399 eV) 
and O1s (531 eV) for the P-DETA, Cu 2p (932 eV) or Pb 4f (137 eV) peak is clearly 
observed for P-DETA-Cu or P-DETA-Pb, respectively (Moulder et al., 1992). These XPS 
results confirmed the FTIR results that copper or lead ions were adsorbed on P-DETA. To 
provide evidence to the FTIR discovery that copper or lead adsorption was mainly through 
forming coordination bonds with the nitrogen atoms in the amine groups of P-DETA, the 



















































































Figure 4.6 Wide scans and N1s XPS spectra of P-DETA, P-DETA-Cu and P-DETA-Pb. 
(The peak values and ratios were given in Table 4.2, and PCu and PPb were derived by the 
adsorption of the respective metal ions with 20 mg PDETA adsorbents in 20 mL solution 
at the initial pH of 5.) 
 
The N 1s core-level spectrum of P-DETA shows two peaks at the binding energy (BE) of 
399.0 and 401.2 eV [Figure 4.6(d)] corresponding to the nitrogen in the neutral amine (-
NH2 or >NH) and protonated amine (-NH3+ or >NH2+), respectively (Moulder et al., 1992). 
After the adsorption of copper or lead on P-DETA, the N 1s spectrum of P-DETA-Cu 
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[Figure 4.6(e)] or P-DETA-Pb [Figure 4.6(f)] shows four peaks. The new peak at 400.0 eV 
could be assigned to the nitrogen coordinated with a heavy metal ion (i.e., in -NH2··Cu and 
>NH··Cu or -NH2··Pb and >NH··Pb), which caused the nitrogen in the neutral amines 
existing in a more oxidized state and hence had a higher BE (Hernán et al., 1998; Li and 
Bai, 2005a; Liu et al., 2006a). The other new peak at the BE of 406.5 eV is attributed to 
the nitrogen in a nitrate ion (Moulder et al., 1992; Liu et al., 2006a). Therefore, the XPS N 
1s spectra in Figures 4.6(d)-4.6(f) confirm the FTIR discovery that copper or lead ion 
adsorption on P-DETA indeed formed coordination bonds with the nitrogen atoms in the 
amine groups of DETA and NO3- ions existed on the surfaces of P-DETA-Cu or P-DETA-
Pb to balance the electrical charges of the adsorbed metal ions.   
 
It is interesting to note that the distribution of the four types of nitrogen atoms (i.e., 
nitrogen in four different oxidation states) on P-DETA-Cu and P-DETA-Pb were quite 
different [see Figure 4.6(e) and Figure 4.6(f)]. If one uses N1, N2 and N3 to represent the 
percentages of the nitrogen atoms in the neutral amines (-NH2 or >NH), in the coordinated 
amines (-NH2··Cu and >NH··Cu or -NH2··Pb and >NH··Pb), and in the protonated amines 
(-NH3+ or >NH2+), the relative ratios of N1, N2 and N3 on P-DETA, P-DETA-Cu or P-
DETA-Pb can be determined from the XPS spectra in Figure 4.6(e)-(f), as given in Table 
4.2 (where Nt = N1+N2+N3). From the value of N1/Nt for P-DETA, it is clear that 91.6% 
of the nitrogen on P-DETA were in the neutral amine form. After the adsorption of copper 
or lead, the N1/Nt ratio reduced to 16.2% for P-DETA-Cu and 57.4% for P-DETA-Pb and, 
consequently, the N2/Nt ratio increased from zero to 76.5% and 25.4%, respectively, 
attributed to the formation of the nitrogen-metal complexes. The results suggest that the 
formation of nitrogen-metal complex for copper or lead adsorption on P-DETA mainly 
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involved the nitrogen in the neutral amines. The significantly higher value of the N2/Nt 
ratio for P-DETA-Cu than that for P-DETA-Pb indicate that more nitrogen-Cu complexes 
were formed than nitrogen-Pb ones. In the experimental results section, it is known that 
the amount of copper or lead adsorbed was 1.16 or 1.32 mmol/g respectively. Hence, the 
N2/Nt values in Table 4.2 for P-DETA-Cu and P-DETA-Pb either suggest that an adsorbed 
copper ion coordinated with more nitrogen atoms than an adsorbed lead ion or that much 
of the adsorbed lead may be weakly-bond or even physically adsorbed on P-DETA, which 
did not significantly affected the oxidation state of nitrogen and hence did not contribute 
to the N2 peak for P-DETA-Pb. In addition, the N3/Nt ratio was much higher for P-DETA-
Pb than that of P-DETA-Cu, indicating that more neutral amine groups became protonated 
with the adsorption of lead ions than copper ions on P-DETA and these groups were not 
contributed to the adsorption of the metal ions.  
 
Table 4.2 Surface composition of the different types of nitrogen atom on P-DETA 
adsorbent before and after metal ion adsorption, based on XPS analysis results (Nt = N1 
+N2 + N3). 
 Binding Energy (B.E.) and Contents of different types of amine groups 
 N1 (eV) N1/Nt N2 (eV) N2/Nt N3 (eV) N3/Nt N4 (eV)
P-DETA 399.0 91.6% N/A N/A 401.0 8.40% N/A 
P-DETA-Cu 399.0 16.2% 400.0 76.5% 401.2 7.30% 406.5 
P-DETA-Pb 399.0 57.4% 399.9 25.4% 401.5 17.2% 406.5 
 
 
4.4.2 Selective adsorption mechanisms  
Although both FTIR and XPS studies revealed the adsorption mechanism that copper and 
lead ions formed complexes with the nitrogen atoms in the neutral amine groups on P-
DETA, this mechanism may not effectively explain the selective adsorption behaviors of 
copper ions over lead ions on P-DETA. The selectivity of P-DETA to copper and lead ions 
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hence must come from the different affinities between P-DETA and copper or lead ions. A 
number of characteristic properties of copper and lead ion, including hydrated radius, 
hardness, electronegativity and metal ion speciation, are therefore examined in Table 4.3. 
The hydrated radii of copper or lead ions are similar (around 0.4 nm) and much smaller 
than the pore size of P-DETA (16.6 nm, see Table 4.1). There was unlikely a significant 
barrier for either copper or lead ions to physically access the amine sites of P-DETA 
(external or internal) for selective adsorption to take place. The absolute hardness of lead 
ion is similar to (or even slightly higher than) that of copper ion. Hence, the hardness of 
copper and lead ion was not the cause for the experimentally observed strong selective 
adsorption behavior of copper over lead ions on P-DETA.  
 
Table 4.3 Properties of copper and lead ions. 
 
a: Nightingale, 1959;  
 
b: Parr, and Pearson, 1983;  
 
c: Baes, and Mesmer, 1977. 
 
 
Nevertheless, as seen in Table 4.3, copper ion possesses a much higher absolute 
electronegativity than lead ion, suggesting that copper ion has a stronger attraction than 
lead ion to the lone pair of electrons in the nitrogen atoms to form more stable complexes. 
Parameters  Metal Ions 
Cu2+ Pb2+ 
Ionic radius (Å)a 0.72  1.32  
Hydration Energy (kJ/mol)c -2100 -1481 
Hydrated radius (Å)a 4.19 4.01 
Absolute Hardnessb 
(in Cu2+ and Pb2+ form) 
8.3 8.5 
Absolute Electronegativityb 28.6 23.5 
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This feature could probably well explain the reason that copper ions were selectively 
adsorbed over lead ions to the neutral amine groups on P-DETA. In the binary metal 
species system, it has been found that selective adsorption of copper over lead ions on P-
DETA increased as the initial copper and lead ion concentrations increased; see Figure 
4.3(b). At a low initial concentration of copper and lead ions, the available number of 
amine sites on P-DETA was comparatively abundant for the metal ions to be adsorbed. 
Therefore, while copper ions were selectively adsorbed, some lead ions can also be 
adsorbed on P-DETA due to adsorption sites available. When the initial concentrations 
became higher, the available amine sites on P-DETA were rapidly taken up by the many 
copper ions adsorbed, due to their higher electronegativity, and, as a result, fewer lead ions 
can be adsorbed on P-DETA, thus resulting in a higher selectivity of copper ions over lead 
ions.  
 
4.4.3 Mechanism of metal ion displacement  
The results in Figure 4.3(c) and Figure 4.4 clearly show that early adsorbed lead ions on 
P-DETA were displaced by later adsorbed copper ions in the adsorption process. This 
phenomenon seems like an ion-exchange process in which a lead ion on P-DETA was 
exchanged by a copper ion to be adsorbed from the solution. The process is however in 
fact very different from that in a conventional ion-exchange process. There is no net 
electric repulsion in a conversional ion exchange process such as 2R--Na+ + Cu2+ → R--
Cu2+ + 2Na+ (where R- denotes the whole resin base except the exchangeable ion, such as 
R′-COO-, R′-SO3-). In the current situation examined, if Cu2+ is to exchange Pb2+ from P-
DETA-Pb, the interaction will be R-N··Pb2+ + Cu2+, and there will be a strong electrostatic 
repulsion from the adsorbed Pb2+ to the Cu2+ to be adsorbed for the same adsorption site. 
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The Cu2+ species could be difficult to approach R-N··Pb2+ close enough so that the 
exchange of Pb2+ from R-N··Pb2+ by Cu2+ can possibly take place, even though copper ion 
may have a greater affinity to P-DETA (due to the higher electronegativity) than the 
adsorbed lead ion. Since the experimental results clearly show the displacement 
phenomenon of early adsorbed lead ions by later adsorbed copper ions, it is speculated 
that the displacement was through an adjacent attachment and repulsion mechanism. 
Copper ions could be adsorbed to the adjacent adsorption sites of an adsorbed lead ion on 
P-DETA due to the high affinity to form stable complexes with P-DETA. The adjacently 
adsorbed copper ions could then dislodge the adsorbed lead ion from P-DETA and release 
it into the solution, due to the induced electrostatic repulsion of copper ions to the lead 















4.5 Conclusions  
This chapter focused on the study of selective adsorption behaviors and mechanisms of 
copper and lead ions on diethylenetriamine (DETA)-functionalized polymeric adsorbent 
(P-DETA). In the single metal species system (only copper or lead present), copper and 
lead ions were both significantly adsorbed on P-DETA. In contrast, P-DETA displayed an 
excellent selectivity in the adsorption of copper over lead ions in the binary metal species 
system (with both copper and lead ions present). FTIR results indicated the adsorption 
mechanism of copper or lead ions on P-DETA through forming coordination bonds with 
the nitrogen atoms in the amine groups of DETA. XPS analysis supported the FTIR results 
and further suggested that an adsorbed copper ion probably coordinated with more 
nitrogen atoms than an adsorbed lead ion or much of the adsorbed lead ions may be 
weakly-bond or even physically adsorbed on P-DETA, which did not significantly affected 
the oxidation state of nitrogen. Among a few properties of the metal ions, the difference in 
the electronegativity of copper and lead ions, rather than their hydrated radius or absolute 
hardness, was identified as the main factor that contributed to the selective adsorption of 
copper over lead ions on P-DETA in the binary metal species system. It is speculated that 
the displacement of previous adsorbed lead on P-DETA by subsequently adsorbed copper 
ions was likely through an adjacent attachment and repulsion mechanism. The present 
work shows the potential of P-DETA as an adsorbent to remove heavy metal ions as well 
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This chapter examines the characteristics of PGMA beads functionalized with different 
aliphatic polyamines and their performance for copper ion adsorption. The four aliphatic 
polyamines evaluated included ethylenediamine (EDA), diethylenetriamine (DETA), 
triethylenetetramine (TETA) and tetraethylenepentamine (TEPA), with increased molecular 
chain length and number of amine groups. Methods were developed to graft the different 
polyamines on PGMA beads. The immobilized polyamine densities and their structures in 
coordinating with a typical heavy metal ion, Cu2+, were characterized through various 
analytical tools, including potentiometric titration, elemental analysis, BET and XAFS 
(XANES + EXAFS). It was found that the immobilized polyamine ligand densities 
followed the order of EDA > DETA > TETA > TEPA, and their structures were in a highly 
constrained manner. XAFS results revealed a tetrahedral geometry for Cu ion coordination 
with the polyamine ligands, and the coordination number with nitrogen atoms (between 3 
and 4) followed the order of DETA < TETA < EDA < TEPA. Hence, the adsorption 
performance of the different polyamines functionalized PGMA beads for copper ions was 
dependant on the immobilized polyamine densities and structures. Molecular modeling 
calculation for the adsorbents showed similar results with experimental observations. The 
study leads to the conclusion that among the four aliphatic polyamines, DETA 
functionalized PGMA adsorbent was most efficient in Cu ion uptake because of its 






5.1 Introduction  
Functionalization of various adsorbents for heavy metal ion removal from water or 
wastewater has attracted great research interest in recent years for environmental 
applications due to the advantages of high efficiency and good selectivity (Jia et al., 2002; 
Vilensky et al., 2002; Yoshitake et al., 2002; Antochshuk et al., 2003; Jeon and Höll, 2003; 
Deng and Bai, 2004; Lam et al., 2006b). Among the various studies, amine-functionalized 
adsorbents for heavy metal ion removal have perhaps been the most common one due to 
the strong chelation properties of amine to transition metals. In particular, polyamines 
have been used to functionalize silica (Yoshitake et al., 2005), polystyrene (Qu et al., 
2005), cellulose (Torres et al., 2006), polyacrylonitrile fiber (Deng et al., 2003) and 
PGMA polymers (Bayramoğlu and Arıca, 2005; Atia et al., 2007; Liu et al., 2008) in order 
to achieve higher ligand densities for the adsorbents.  
 
More often, polyamines have been immobilized onto PGMA polymers for heavy metal ion 
removal. This is largely due to the unique properties of PGMA polymer for its good 
mechanical strength, sustained acid and base resistance, ease of porosity formation and 
high reactivity of the epoxy group (Horák and Shapoval, 2000; Wu et al., 2003; Paredes et 
al., 2003; Liu et al., 2006a). Most studies used EDA as the polyamine for PGMA 
functionalization. For example, Bayramoğlu and Arıca (2005) reported EDA grafted 
PGMA adsorbents for the removal of chromate anions. In a more recent study, Atia et al. 
(2007) also reported EDA-, DETA- and TEPA-functionalized magnetic PGMA resins for 
the removal of mercury cation from aqueous solutions. However, in spite of the many 
efforts reported in the literature, questions that remain unclear and have not been verified 
include: (a) whether it is always advantageous to use a polyamine with a longer molecular 
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chain and hence more amine groups for the functionalization of PGMA beads as the 
adsorbent for heavy metal ion removal; (b) whether a higher amine density will always be 
achieved with a polyamine with a longer molecular chain and more amine groups; and (c) 
whether the coordination structures for heavy metal ions will vary with the different 
polyamines used to functionalize the PGMA beads, which affects the adsorption 
performances.  
 
In the previous study in Chapter 4, PGMA beads were prepared through an improved 
suspension polymerization method, and then functionalized with DETA for selective 
adsorption investigation of Cu and Pb ions in the solution (Liu et al., 2008). In this part of 
the study, PGMA beads prepared in Chapter 4 continued to be used as the substrate for 
functionalization. Aliphatic polyamines of EDA, DETA, TETA and TEPA with an increase 
in molecular length and thus amine group numbers were used to functionalize PGMA 
beads and examined for Cu ion adsorption in terms of the performance and mechanism. 
The investigation included the evaluation of (1) the immobilized polyamine ligand density 
and structure, and (2) the coordination chemistry of the different polyamine ligands on 
copper ion adsorption. Methods were developed to immobilize the different aliphatic 
polyamines on PGMA beads through the factorial design method and determined by those 
that gave the highest Cu ion uptakes. Various surface characterization analyses, including 
elemental analysis, BET, potentiometric titration and XAFS, were conducted. It was found 
that Cu ion coordinated with 3 or 4 nitrogen atoms from the immobilized polyamines in a 
distorted tetrahedral geometry during the adsorption. Hence, both the immobilized 
polyamine density and the coordination structure played important roles in Cu ion 
adsorption performance with polyamine functionalized PGMA adsorbents.   
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5.2 Materials and methods 
5.2.1 Materials  
The preparation method of PGMA beads was described in Chapter 4 and reported in an 
early publication (Liu et al., 2008). The amination agents used included ethylenediamine 
(EDA, Aldrich), diethylenetriamine (DETA, Aldrich), triethylenetetramine (TETA, Fluka) 
and tetraethylenepentamine (TEPA, Aldrich). Metal ion solutions used in the adsorption 
experiments were prepared from copper (II) nitrate [Cu(NO3)2·3H2O, from Riedel-de 
Haën]. All the acid solutions used, unless specified, were prepared from concentrated acid 
solutions of reagent grade. Copper ion solutions for ICP calibration in the analysis were 
prepared from 1000 mg/L of copper ion solution standards in nitrate forms from Merck. 
Deionized (D.I.) water was used to prepare all solutions in this study.  
 
5.2.2 Factorial design for the preparation of polyamine-functionalized PGMA 
adsorbents (denoted as P-Amines)  
The adsorbents were prepared by surface modification of PGMA beads with EDA, DETA, 
TETA and TEPA. A L8 (4 × 24) factorial design was applied for the preparation of P-
Amines and three variables were investigated as: (1) the concentration of polyamines in 
the syntheses (Conc); (2) the reaction temperature (Temp) and (3) the reaction time (Time). 
The levels of each variable were designed as: four levels for Conc (1.38, 1.84, 2.30 and 
2.76 mol/L), two levels for Temp (40 and 70 oC) and two levels for Time (6 and 10 hours), 
according to the factorial design. The preparation of each type of P-Amine was conducted 
in eight experiments, and the preparation conditions (factors and levels) for the adsorbents 
were listed in Table 5.1. The thus-prepared P-Amines were named as P-EDA-x, P-DETA-
x, P-TETA-x and P-TEPA-x, respectively, where “x” indicates the Experimental number.  
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Table 5.1 Lay-out of L8 (4 × 24) factorial design experiments for the reaction conditions of 
the four polyamine-based adsorbents (P-EDA-x, P-DETA-x, P-TETA-x and P-TEPA-x). 
 Variables and Levels (Levels are indicated in the italics) 
Experiment No. Conc (mol/L)  Temp (oC)  Time (hour)  
1 1.38 (1) 40 (1) 6 (1) 
2 1.38 (1)  70 (2) 10 (2) 
3 1.84 (2) 40 (1) 6 (1) 
4 1.84 (2) 70 (2) 10 (2) 
5 2.30 (3) 40 (1) 10 (2) 
6 2.30 (3) 70 (2) 6 (1) 
7 2.76 (4) 40 (1) 10 (2)  
8 2.76 (4) 70 (2) 6 (1) 
 
 
5.2.3 Copper ion uptakes by P-Amine-x in the factorial design 
The Cu ion adsorption experiments were conducted with all the P-Amine-x adsorbents 
prepared in the factorial design Section above. Briefly, 50 mg of each of the P-Amine-xs 
was put into 50 mL of 4 mmol/L Cu(NO3)2 solution at the initial pH of 5 in a 60 mL 
Nalgene® vial. The vials were shaken in a shaker at 160 rpm for 24 hours (far longer than 
the adsorption equilibrium time of 6-7 hours). The solutions after the adsorption 
equilibrium were taken for measurement of Cu ion concentration with Inductively 
Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Perkin Elmer, Optima 
3000DV). After that, the Cu ion-loaded adsorbents were filtered out with a Buchner funnel, 
and placed into a 60 mL Nalgene® vial, mixed with 50 mL of D.I. water at pH 5 and 
shaken for 2 hours for elution of the physically adsorbed Cu ions (Liu et al., 2008). The 
elution solution was again taken for Cu ion concentration analysis.  
 
5.2.4 Elemental and BET analysis 
The total amine content of a P-Amine-x was determined by elemental analysis with a 
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CHN analyzer (Perkin Elmer 2400II, USA). Blank run and K-factor calibration was 
carried out before sample analyses. Standard samples (acetanilide, Perkin Elmer) with 
known C, H and N contents were used to check the accuracy. P-Amine-xs (0.900-1.100 
mg) were carefully weighed for analysis, and two parallel analyses were made. The 
average N content of each P-Amine-x sample was used to represent the total amine 
content of the corresponding P-Amine-x in the study. For BET analysis, a volumetric 
sorption analyzer (Quantachrome, NOVA 300) was used to determine the specific surface 
area of P-Amine-xs through nitrogen adsorption. The samples were first degassed at 40 oC 
with nitrogen overnight before the analysis. The specific surface areas were determined by 
the Brunauer-Emmett-Teller (BET) method in the relative pressure range of 0.05-0.35 (in 
terms of p/p0, where p is the working pressure during BET analysis, and p0 is the 
atmospheric pressure).  
 
5.2.5 Potentiometric titration 
The potentiometric titrations were carried out with a titrator (Titrino 799GPT, Metrohm, 
Switzerland) to estimate the primary, secondary and tertiary amine contents of P-Amine-
bs (where the postfix “b” denotes the P-Amine-xs prepared which gave the best Cu ion 
adsorption performance, as detailed later in Section 5.3.1). The titrator was equipped with 
one titration vessel with thermostat jacket (Metrohm, Switzerland) for an accurate 
temperature control at 25oC by an external circulator (F12, Julabo, Germany). Pre-
saturated CO2-free N2 gas (by passing the N2 gas through the molecular sieve Type 4A 
followed by NaCl solution) was used as a purging gas in the titration vessel. Double-
distilled water was used for the preparation of the solution in the titration and 0.1 M ionic 
strength was obtained by adding a proper amount of NaCl to the solution. Before the 
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titration, a 0.1 – 0.2 g amount of P-Amine-b was protonated in 250 mL of 0.1 M HCl 
solution for 8 hours on a rotary shaker (operated at 160 rpm, 25 oC). Then, the protonated 
P-Amine-b was washed with DI water, filtered with ADVANTEC #1 filter paper via a 
Buchner funnel under vacuum and carefully transferred into the titration vessel with 
double-distilled water. The P-Amine-b suspension in the titration vessel was then degassed 
with pre-saturated CO2-free N2 gas for 20 minutes to remove any CO2 in the solution 
before the titration started. During the titration, 0.1 M NaOH solution (Riedel-de Haën) 
was used to titrate the P-Amine-b suspension, under the conditions at a minimum 
increment of 20 μL, the dose rate of 5 mL/min, the signal drift of 1 mV/min and the 
equilibrium time criteria of 900 s. The stop pH was set to 12. After the titration, the P-
Amine-b was filtered, dried in vacuum oven for 2 days and weighed for the determination 
of the actual weight in the titration process. The actual weight and the volume of water 
used in the titration for each of the P-Amine-b was as follows: P-EDA-b: 0.185 g, 40 mL; 
P-DETA-b: 0.151 g, 40 mL; P-TETA-b: 0.115 g, 30 mL; P-TEPA-b: 0.124 g, 30 mL.  
 
5.2.6 XAFS (XANES and EXAFS) analysis  
XAFS (X-ray Absorption Fine Structure) is a powerful tool for the local structural 
investigation of elements in coordination compounds. XAFS can be divided into two 
categories: XANES (X-ray Absorption Near-Edge Structure) and EXAFS (Extended X-
ray Absorption Fine Structure) (Koningsberger and Prin, 1988). XANES is mainly used to 
investigate the oxidation state and the coordination geometry of the heavy metal ion in 
coordination state (Zhou et al., 2007). EXAFS is often applied to obtain information on 
the coordination number and distance of the x-ray adsorbing atom with its neighboring 
atoms (Tiemann et al., 1999). To the best of out knowledge, XAFS analysis has not been 
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applied for the study of heavy metal ion adsorption performance with polyamine 
functionalized PGMA beads. Our objective by using XAFS analysis is to investigate the 
coordination chemistry of Cu ion with polyamine ligands of different chain length, 
immobilized on PGMA beads, and to gain insight into the possible variation of the Cu ion 
coordination structures with the different polyamines.    
 
XAFS experiments at room temperature were carried out for P-Amine-x-CuW and P-
Amine-b-CuW samples (P-Amine-x or P-Amine-b samples adsorbed with Cu ion and 
subsequently D.I. water washed to remove the physically adsorbed Cu ion) at the X-ray 
Demonstration and Development (XDD) beamline of the Singapore Synchrotron Light 
Source (SSLS) (Moser et al., 2005). The beamline provides a focused 2.5 ~ 10 keV X-ray 
source using a Si <111> channel-cut monochromator. To make consistent comparisons, all 
analyses were carried out in the transmission mode using two ion chambers to record the 
incident and transmitted X-ray intensities simultaneously. Each sample was ground into 
fine powder of less than 400 mesh, pressed into a pellet with 13 mm diameter for the 
EXAFS analysis. The absorption jump at the Cu K-edge in the XAFS spectra achieved as 
such was about 1. The absorption spectra were collected from -100 to 1000 eV relative to 
the Cu K-edge. Powders of commercial Cu compound samples, together with Cu foil were 
measured as the reference samples in the transmission mode at the Cu K-edge. The 
reference Cu compounds include: CuO, Cu2O, CuSO4·5H2O, Cu(CH3COO)2 aqueous 
solution (denoted as Cu(Ac)2) and Cu(NO3)2 aqueous solution. The solid reference 
samples were dispersed on Scotch tapes and folded to the suitable thickness with which 
the adequately good signal can be derived. The liquid reference samples were dispersed 
between two Scotch tapes and sealed. The energy was calibrated to the K-edge absorption 
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of Cu foil referenced to 8980.3 eV (Kau et al., 1987; Boswell et al., 1996), and was 
reproducible within 0.1 eV between scans. The Cu-K edge EXAFS spectra were analyzed 
by Winxas 2.3 software (Ressler, 1998). The background correction was carried out by 
applying linear and two-polynomial fits respectively to both the pre-edge and post-edge 
region, and the normalization was carried out simultaneously. The normalized absorption 
spectra were then converted to k-space (χ(k) ~ k, where k is the photoelectron wavenumber) 
and weighted by k3 to compensate for the amplitude reduction at higher k values. The k3-
weighted EXAFS spectra in k-space at the range of 2.1 – 14.5 Å-1 were then Fourier 
transformed into R-space using the Bessel window function (Liu et al., 2006c) and the first 
and second coordination shells were isolated. Data fitting was carried out in R-space on 
these two shells using 3 scattering paths Cu-O, Cu-N and Cu-C. In doing the fitting, the 
amplitude reduction factor of S02 was fixed to 0.85, which is the theoretical value derived 
from the fitting of CuO EXAFS spectra. The ΔE0, which is the threshold energy shift, was 
constrained to be equal for Cu-O, Cu-N and Cu-C scattering paths. Considering the 
similarities of N and O scattering factors, the Debye-Waller factor (σ2) for Cu-N and Cu-O 
were constrained to be equal during the fitting process, while the σ2 for Cu-C shell was left 
free to vary. The coordination number (CN), the bond length (R), the Debye-Waller factor 
(σ2) and the threshold energy shift (ΔE0) were derived from the spectra-fitting.  
 
The normalized Cu-K edge XANES spectra of the sample and the reference Cu 
compounds were derived by isolating 20 eV below the adsorption edge and 60 eV above 




5.3 Results and discussion 
5.3.1 Factorial design  
5.3.1.1 Effect of factorial design variables on amine contents of P-Amine-x  
The purpose of using factorial design method in this study was to determine the reaction 
conditions for the preparation of P-Amine-x to achieve the best Cu ion adsorption 
performance. The amine contents of the P-Amine-x according to the factorial design 
(Table 5.1) were shown in Figure 5.1. It can be seen from Figure 5.1 that at each reaction 
condition (each Experimetal Number), the values of amine content (in terms of N content, 
mmol/g) followed the polyamine sequence of EDA < DETA < TETA < TEPA. The 
equation in the form of y = α0 + α1φ1 + α2φ2 + α3φ3 was applied for the linear regression 
of the data analysis in the factorial design, where y denotes the experimental yield for 
amine content, α0 is the equation-determined constant, and α1, α2, α3 denote the regression 
coefficients for Conc (φ1), Temp (φ2) and Time (φ3), respectively. It has been known that 
the effect of each factor is statistically significant at and above the 95% confident level 
(Probability (Prb) < 0.05) (Öberg and Öhrström, 2003; Carmona et al., 2005; Can and 
Yildiz, 2006). The linear regression results for amine contents from the factorial design 
were listed in Table 5.2. It can be seen in general that the Prb values of P-TETA-x and P-
TEPA-x were much smaller than those of P-EDA-x and P-DETA-x, for all the factors 
studied. For P-TETA-x and P-TEPA-x, all the three factors are statistically significant at 
above 99% confident level (Prb values are much smaller), which indicates that the effects 
of Conc, Temp and Time were all highly linear for amine contents of P-TETA-x and P-
TEPA-x. On the other hand, the Prb values for P-EDA-x and P-DETA-x were observed to 
be larger than 0.05 for all the three factors. Therefore, conclusion for the linearity of the 
three factors on the amine content of P-EDA-x and P-DETA-x may probably not be drawn. 
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However, the amine content response is only one of the influencing factors to determine 
the best reaction conditions for P-Amine-x. The metal ion uptake is an equally, or more 
important influencing factors, since the purpose of the P-Amine-x prepared were meant 
for the application of removing heavy metal ion by adsorption. 
 





















 P-EDA-x    P-DETA-x    P-TETA-x    P-TEPA-x
 
Figure 5.1 Amine contents of P-EDA-x, P-DETA-x, P-TETA-x and P-TEPA-x from L8 (4 
× 24) factorial design experiments (details shown in Table 5.1). 
 
 
Table 5.2 Linear Regression for amine contents by P-EDA-x, P-DETA-x, P-TETA-x and 
P-TEPA-x for 4 × 24 factorial design experiments. 
 Linear Regression for Amine Contents (mmol/g) 
 y = α0 + α1φ1 + α2φ2 + α3φ3 
 α0 α1 Prb* α2 Prb* α3 Prb* 
P-EDA -0.9099 0.7907 0.1411 0.0272 0.0558 0.0472 0.5597 
P-DETA -0.4080 0.8061 0.2023 0.0217 0.1390 0.0828 0.3989 
P-TETA 0.0246 0.6224 0.0046 0.0345 0.0006 0.0880 0.0054 
P-TEPA -0.2455 0.6683 0.0070 0.0384 0.0008 0.0980 0.0072 




5.3.1.2 Effect of factorial design variables on copper ion adsorpion of P-Amine-x  
The Cu ion uptake amounts of all the P-Amine-x involved in the factorial design was 
shown in Figure 5.2 for both cases before (denoted as P-Amine-x-Cu) and after (denoted 
as P-Amine-x-CuW) water elution. The water elution process was to remove the 
physically adsorbed Cu ions (Liu et al., 2008). Cu ion uptake generally followed the 
polyamine sequence of EDA < DETA < TETA ≈ TEPA with few exceptions. The Cu ion 
uptakes in the factorial design were also analyzed with linear regression methods for the 
variables of Conc, Temp and Time which takes the form of y = β0 + β1φ1 + β2φ2 + β3φ3. 
Similarly with the linear regression for amine content, y denotes the experimental yield for 
copper ion adsorption, β0 is the equation-determined constant, and β1, β2, β3 denote the 
regression coefficients for Conc (φ1), Temp (φ2) and Time (φ3), respectively. The linear 
regression results were listed in Table 5.3.  

















 P-EDA-x-Cu      P-DETA-x-Cu       P-TETA-x-Cu       P-TEPA-x-Cu
 P-EDA-x-CuW   P-DETA-x-CuW   P-TETA-x-CuW    P-TEPA-x-CuW
 
Figure 5.2 Copper ion uptakes (determined by ICP-OES) of P-EDA-x, P-DETA-x, P-
TETA-x and P-TEPA-x from L8 (4 × 24) factorial design experiments (denoted as P-
Amine-x-Cu). The factorial design experiments details were shown in Table 5.1. The bars 




Table 5.3 Linear Regression for copper ion uptake by P-EDA-x, P-DETA-x, P-TETA-x 
and P-TEPA-x for 4 × 24 factorial design experiments. 
 Linear Regression for Copper Ion Uptake (mmol/g) 
 y = β0 + β1φ1 + β2φ2 + β3φ3 
 β0 β1 Prb* β2 Prb* β3 Prb* 
P-EDA 0.0126 0.1392 0.0181 0.0062 0.0055 0.0141 0.0569 
P-DETA 0.0422 0.2032 0.0494 0.0061 0.0251 0.0210 0.1107 
P-TETA 0.4212 0.0923 0.0378 0.0067 0.0036 0.0137 0.0469 
P-TEPA 0.0588 0.1563 0.0318 0.0087 0.0043 0.0257 0.0272 
* Prb denotes Probability. 
 
 
For Cu ion uptake of P-TETA-x and P-TEPA-x, the Prb values of the Conc, Temp and 
Time are all less than 0.05, indicating a statistically significant linear dependence of the 
three variables with a confident level above 95%. This result corresponded well with the 
linear regression in term of amine content response (all variables above 99% confident 
level), suggesting that the Cu ion uptake was much dependent on all the three variables, 
for P-TETA-x and P-TEPA-x. On the other hand, the Prb values, except variable Time, 
were all above the 95% confident level for P-EDA-x and P-DETA-x, suggesting that Cu 
ion uptake showed statistically significant linear dependence of Conc and Temp. Only the 
variable Time was not statistically significant.  
 
5.3.1.3 Determination of the best reaction conditions for P-Amine-x 
The determination of the best reaction conditions for P-Amine-x in this study depended 
mainly on two influencing factors: amine content and Cu ion uptake. A higher amine 
content is favorable, but Cu ion uptake is a more important influencing factors to be 
considered. For P-TETA-x and P-TEPA-x from the above linear regression analysis, both 
the amine content and the Cu ion uptake showed statistically significant linearity (above 
95% of the confident level) with the increase of Conc, Temp and Time. Therefore, the best 
reaction conditions were determined to be Conc (2.76 mol/L), Temp (70oC) and Time (10 
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hours) for P-TETA-x and P-TEPA-x adsorbents. For P-EDA-x and P-DETA-x, although 
the linearity for amine content response was statistically insignificant for all the three 
variables, the linearity for Cu ion uptake was above the 95% confident level for Conc and 
Temp. Since an achievement of high Cu ion uptake is important for the P-Amine-x, in this 
study the highest values of Conc (2.76 mol/L) and Temp (70oC) were applied, and the 
variable Time would be re-evaluated for the determination of the best reaction condition 
for P-EDA-x and P-DETA-x. Therefore, the experiments were carried out with fixed 
reaction variables (Conc: 2.76 mol/L and Temp: 70oC) and adjustable reaction variables 
(Time: 6, 7, 8, 9, and 10 hours) for Cu ion uptake of P-EDA-x and P-DETA-x, respectively. 
The best reaction condition thus determined which gave the highest Cu ion uptake were 
Conc (2.76 mol/L), Temp (70oC) and Time (7 hours) for both P-EDA-x and P-DETA-x. 
The adsorbents prepared from the best reaction condition as determined by factorial 
design method were thus named P-EDA-b, P-DETA-b, P-TETA-b and P-TEPA-b, 
respectively, and were used in the subsequent experiments.  
 
5.3.2 BET and elemental analysis  
Table 5.4 summarized the elemental and BET analyses results of P-EDA-b, P-DETA-b, P-
TETA-b and P-TEPA-b for amine content (Column 1) and specific surface area (Column 
2), respectively. In addition, the EXAFS analysis results for the coordination number are 
also listed in Table 5.4 for the Cu ion adsorbed on the four types of P-Amine-b. It was 
observed in Table 5.4 that, from P-EDA-b to P-TEPA-b, the amine content (Column 1) 
showed an increasing trend, while both the polyamine density (Column 4) and polyamine 
content (Column 5) showed a decreasing trend. If the immobilized polyamine ligand 
density (IPL density) is defined on the basis of specific surface area (polyamine density) or 
 128
weight (polyamine content) of the adsorbents, the IPL density of the four types of P-
Amine-b is found to follow the order of EDA > DETA > TETA > TEPA, an opposite order 
as the total amine contents shown in Column 1 in Table 5.4. The experimental findings 
indicated that the polyamines with longer molecular chain and more nitrogen atoms 
increased the overall amine contents immobilized but not necessarily resulted in higher 
IPL densities. This was probably due to the increased steric hindrance effect for the long-
chain polyamines to access to and react with the epoxy groups on the surfaces of the 
PGMA beads. In addition, a long-chain polyamine may have the tendancy of reacting with 
more epoxy groups due to the many amine groups contained, thus consuming more of the 
available reaction sites for other polyamines and decreasing the IPL density.  
 
5.3.3 Potentiometric titration study  
Besides immobilized polyamine ligand density (IPL density) information, the immobilized 
polyamine ligand structure (IPL structure) was another part of our evaluation. 
Potentiometric titration is a useful tool for the estimation of primary, secondary and 
tertiary amine groups, that are important in the IPL structures and in the performance of 
heavy metal ion adsorption. The titration curves of the four types of P-Amine-bs were 
shown in Figure 5.3. With the consideration in the structure of the four polyamine 
compounds, the immobilization of these polyamines onto PGMA polymer beads would 
mainly generated three types of amines, i.e., primary, secondary and tertiary amines. To 
evaluate the contents of the different types of amines, a three-site chemical model was 
applied in Figure 5.3 based on the reactions of these different amines with proton 
(Pagnanelli et al., 2000, Dittrich and Sibler, 2006; Han et al., 2006).  
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Table 5.4 Summary of results derived from different characterization methods (Elemental Analysis, BET and EXAFS analysis) for P-
Amine-b studied in the paper (for Column 8 (EXAFS), the samples with Cu ion adsorbed were used in the characterization analysis). 
 
*  as determined by CHN Elemental Analysis;  
 
§  as determined by BET analysis;  
 
†  as determined by the calculation of “Column 1 / Column 2 / Column 3”;  
 
‡  as determined by the calculation of “Column 1/ Column 3”;  
 
Ω  as determined by the EXAFS modeling with Winxas 2.3 software.  
 
























P-EDA-b 3.757 131.0 2 8.60 1.88 0.965 0.897 3.35 
P-DETA-b 4.622 129.4 3 7.17 1.54 1.246 1.193 3.01 
P-TETA-b 4.932 136.5 4 5.74 1.23 1.267 1.169 3.07 









































































Figure 5.3 Potentiometric titrations of (a) P-EDA-b, (b) P-DETA-b, (c) P-TETA-b and (d) 
P-TEPA-b (P-EDA-b: 0.185 g, 40 ml; P-DETA-b: 0.151 g, 40 ml; P-TETA-b: 0.115 g, 30 
ml; P-TEPA-b: 0.124 g, 30 ml). The filled black square symbol shows the experimental 
data, and the solid line shows the fittings of the titration data with the three-site chemical 
model.  
 
The three-site chemical model combines both the dissociation equilibrium of the different 
amines and charge balance in solution. The amine dissociation equilibrium can be 
expressed as follows:  
 










where S denotes the amine and Ka with a dimension of mol/L is the equilibrium constant 
of that amine. S1, S2 and S3 were used to represent primary, secondary and tertiary amines, 
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(5.4) 
 
Another equation, which is basic for the chemical model, is the charge balance in solution 
as shown below:  
 




It would be noted that the Cl- ions in solution were present due to the deprotonation of the 
protonated amines. As mentioned in the Section 5.2.5, the protonated P-Amine-bs were 
washed by DI water to remove the residue HCl solutions trapped, before being transferred 
into the titration vessel. Therefore, almost all the Cl- ions on the sample were in the form 
of R-NH3+Cl-. During the titration by continuous addition of NaOH solution, the 
concentration of the Cl- ion were continuously increased as the deprotonation of R-
NH3+Cl- by NaOH steadily produced R-NH2, Na+ and Cl-. Therefore, one mole of Cl- ion 
corresponded to one mole of R-NH2, and the concentration of Cl- ion can be represented 
by (or be equal to) the content of R-NH2, as shown in the following equation:  
 
][][][][ 321 SSSCl ++=−         
(5.6) 
 
By introducing Eq. (5.6) into Eq. (5.5) and substituting [S1], [S2] and [S3] with Eq. (5.4), 
noting [Na+] = VC0 / (V + V0), [ST1] = s1m / (V + V0), [ST2] = s2m / (V + V0), [ST3] = s3m / 































          
(5.7) 
 






























aaa       
(5.8) 
 
where s1, s2 and s3 are the specific contents of the primary, secondary and tertiary amines 
(mol/g), m the mass of P-Amine-b used in the titration (g), C0 the NaOH solution 
concentration (mol/L), V and V0 the NaOH solution volume added and the initial solution 
volume, respectively (L), and Kw the water dissociation constant (10-13.787 in 0.1 M ionic 
strength with a dimension of (mol/L)2 (Kraft, 2003) used in this titration study). Eq. (5.8) 
is the function of V = f([H+]). With the expression of pH = -log[H+], a plot of V versus 
pH can be model-fitted from Eq. (5.8) by a non-linear curve fitting method through the aid 
of Microcal ORIGIN® software. It can be observed in Table 5.5 that the model fitted all 
the four P-Amine-bs’ experimental data well by the correlation coefficient (R2) above 0.99, 
with the contents and pKas for primary, secondary and tertiary amines derived. The 
estimated pKas for primary and tertiary amines can be well correlated to the literature data 
(Cakara et al., 2003; Niu et al., 2003; Diallo et al., 2004). The different pKa values for 
primary, secondary and tertiary amines indicated that, during the titration process with 
NaOH solution (deprotonation of amines on P-DETA), where the solution pH showed a 
steady increase, the tertiary amine with lowest pKa values would be deportonated first, 
followed by secondary amine, and then primary amines. The derivation of the different 
pKa values along with their respective mole content on P-DETA samples thus allowed us 
to determine the contents of primary, secondary and tertiary amines. The pKa of the 
secondary amines has not been found in the literature, and were estimated from the model 
to be between the pKas of the primary and tertiary amines in this study. The total amine 
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content (Ntotal) derived from the titration experiments were calculated by the sum of the 
contents of primary, secondary and tertiary amines as listed in Table 5.5.  
 
To further verify the validity of the fitting of the model, the Ntotal in Table 5.5 from 
titration experiments were compared with the total amine contents determined by 
elemental analysis (Column 1 in Table 5.4, for the four P-Amine-bs). The comparison 
showed that Ntotal determined from titration experiments were all slightly less than that 
determined from elemental analysis by 0.20-0.35 mmol/g. This observation may be 
reasonable as not all the amines were accessible to the titrant due to the entanglement of 
the polymer matrix (Liu et al., 2008). Thus, the contents of different amines determined 
from titration experiments are used in the subsequent analysis as the accessible amines in 
the evaluation.  
 
 
Table 5.5 Titration results and model fitting parameters (different amine group contents 
and pKa values) for the four P-Amine-bs shown in Figure 5.3. 
  Primary, secondary and tertiary amines and their pKas 










P-EDA-b  1.187 5.60 1.254 7.67 0.985 9.28  3.426 0.9956
P-DETA-b  1.367 6.27 2.204 8.19 0.687 10.59  4.258 0.9968
P-TETA-b  1.804 5.08 2.505 7.80 0.428 10.03  4.737 0.9967
P-TEPA-b  1.859 6.03 2.984 8.16 0.251 10.31  5.094 0.9974
 
With the above titration results in Table 5.5, the immobilized polyamine ligand structure 
(IPL structure) may be estimated, which constitute another part of our evaluation. Since 
polyamine compounds possess multiple amine sites, it was possible for them to be 
reaction-linked with PGMA using more than one amine sites and through different types 
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of amines. Therefore, the possibilities of the various immobilized polyamine ligand entries 
(IPLEs) are listed in Table 5.6. In fact, the immobilization of each polyamine onto PGMA 
may involve the combination of a series of IPLEs listed in Table 5.6 (They should be 
meaningful, e.g., the calculated amount of each IPLE should have a positive value). A 
sample calculation for the amount of IPLEs in one combination was shown in Example 1 
described later. The calculation was aided by the Microsoft EXCEL® Solver function. 
Considering the large amount of the IPLE combinations and to simplify the discussion, the 
combinations of more than three IPLEs were not taken into consideration.  
 
 
Table 5.6 The possible immobilized polyamine ligand entries (IPLEs) with different 


































































Note: the symbol > and -- denote the chemical bond formed by polyamines reacting with 




Example 1: The calculation for the determination of the possible combination of each 
entry for reaction sites in Table 5.7.  
P-TETA-b was taken as an example, with the contents for different amines taken out from 
Table 5.5 as shown below:  










P-TETA-b  1.804 5.08 2.505 7.80 0.428 10.03  4.737 0.9967
 
Two combination of possible entries: Entry 1, 2 and 6 and Entry 1, 2 and 7 (Entry number 
shown in Table 5.6) were both used to examine their possibilities. The calculations are 
based on the contents of primary, secondary and tertiary amines in Table 5.5. We assumed 
x to be Entry 1, y to be Entry 2, and z to be Entry 6 or 7. Therefore:  
For Entry 1,2,6:  
x + 2*y + z = 0.428  
3*x + y + z = 2.505 
y + 2* z = 1.804  
The results are: x = 0.660; y = -0.756; z = 1.280.  
The value of y showed negative result, and hence the combination of Entry 1,2,6 can not 
be accepted.  
For Entry 1,2,7:  
x + 2*y = 0.428 
3*x + y + 2*z = 2.505 
y + 2*z = 1.804 
The results are: x = 0.234 (19.7%); y = 0.097 (8.2%); z = 0.853 (72.1%).  
The values are all positive, and hence the combination of Entry 1,2,7 is possible.  
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The calculated possible combinations of IPLEs for each P-Amine-b were listed in Table 
5.7. It can be seen that, the IPLEs with the highest number of amines involved in the 
reaction with PGMA almost appeared in all the combinations (P-EDA-b: Entry 5; P-
DETA-b: Entry 5; P-TETA-b: Entry 7; P-TEPA-b: Entry 9 and 10). These results revealed 
that for all the four polyamine-immobilized PGMA polymers, both primary and secondary 
amines of the four polyamine compounds participated in the reaction with the epoxy 
groups. The results also showed that a large portion of the polyamine ligands were 
immobilized in a highly constrained manner with most of the amine sites reaction-linked 
to PGMA.  
 
Table 5.7 Calculated possible combination of immobilized polyamine ligand entries 
(IPLEs) from Table 5.6. 
 Combination of immobilized polyamine ligand entries (IPLEs) 
P-EDA-b 1-2-4, 1-2-5, 1-3-5, 3-4-5 
  
P-DETA-b 1-2-5, 1-4-5, 2-3-5, 3-4-5 
  
P-TETA-b 1-2-7, 1-4-7, 1-6-7, 2-3-7, 2-5-7, 3-4-7, 3-6-7, 4-5-7, 5-6-7 
  
P-TEPA-b 1-2-9, 1-4-10, 1-5-10, 1-6-9, 1-7-9, 1-8-9, 1-9-10, 2-3-9, 2-4-9, 2-4-10,  
2-5-9, 2-5-10, 3-4-10, 3-5-10, 3-6-9, 3-7-9, 3-8-9, 3-9-10, 4-6-9, 4-6-10,  
4-7-9, 4-7-10, 4-8-9, 4-8-10, 5-6-9, 5-6-10, 5-7-9, 5-7-10, 5-8-9, 5-8-10,  
7-8-10 
 
5.3.4 Cu ion adsorption performance  
Besides the immobilized polyamine ligand density and structure information, another 
focus of this evaluation was the adsorption mechanisms that involve the immobilized 
polyamine coordination chemistry with the Cu ions. The Cu ion adsorption experiments 
were carried out by the factorial design method which aimed at achieving the best 
“experimental yields” under the conditions examined via reduced sets of experiments in 
Section 5.3.1 (Melquiades et al., 2007). The reaction conditions were determined and 
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applied for the preparation of P-EDA-b, P-DETA-b, P-TETA-b and P-TEPA-b which gave 
the best Cu ion adsorption performances under the conditions examined.  
 
The amine content and Cu ion uptake of the four types of P-Amine-bs are also included in 
Table 5.4 (Column 1 and 6). It can be seen from Table 5.4 for P-Amine-bs that, both the 
amine content and the Cu uptake showed a sharp increase from P-EDA-b to P-DETA-b, 
and then almost leveled off from P-DETA-b to P-TEPA-b. However, after washing out the 
physically-adsorbed Cu ions from P-Amine-bs, the remaining Cu uptake (as CuW uptake 
shown in Column 7 of Table 5.4) revealed that P-DETA-b gave the highest Cu ion 
adsorption. In other words, P-DETA-b showed the highest Cu ion adsorption through 
surface coordination even though its amine content was less than those of P-TETA-b and 
P-TEPA-b. To further examine the adsorption efficiency of the four different types of P-
Amine-xs, each type of P-Amine-x with approximately the same amine content was 
chosen from the series of samples in the factorial design (from Figure 5.1), and their Cu 
uptakes were compared. Similarly, their amine contents were put together for comparison 
under the given conditions of similar Cu uptake or CuW uptake (samples chosen from 
Figure 5.2). The data of amine content, Cu uptake and CuW uptake for P-Amine-x 
selected are compared in Figure 5.4.  
 
It is interesting to note that, with approximately the same amine contents (Figure 5.4(a) 
and (b)), P-DETA-x and P-TETA-x showed higher Cu ion uptake. Similarly, for the four 
P-Amine-xs with approximately the same Cu uptake or CuW uptake (Figure 5.4(c) and 
(d)), it is found that P-DETA-x and P-TETA-x had less amine contents than those of P-
EDA-x and P-TEPA-x. These results indicate that DETA- and TETA-immobilized PGMA 
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beads involved a lower number of nitrogen atoms (amines) for each Cu ion coordination. 
This finding can easily be used to explain the fact that P-DETA-b achieved the highest Cu 
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Figure 5.4 Relationship of Amine content and Cu ion uptake for P-EDA-x, P-DETA-x, P-
TETA-x and P-TEPA-x. Each type of P-Amine-x with approximately the same amine 
content was chosen from the series of samples in the factorial design (samples chosen 
from Figure 5.1), and their Cu uptakes and CuW uptakes were compared shown in Figure 
5.4 (a) and (b). Similarly, their amine contents were put together for comparison given the 
similar Cu uptake or CuW uptake (samples chosen from Figure 5.2) shown in Figure 5.4 
(c) and (d). MINEQL+ was used to examine the speciation of the copper ions and no 
precipitation was formed at pH 5 (Schecher and McAvoy, 2003). 
 
5.3.5 XANES analysis 
The Cu ion adsorption performances were further examined for the adsorption mechanism 
by the Cu K-edge XAFS analysis. In our study, the XANES spectra of all the nine P-
Amine-x-CuWs were shown in Figure 5.5 which gave highly-overlapping spectra.  
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Figure 5.5 XANES spectra for all the nine P-Amine-x-CuW studied. (It can be seen from 
this Figure that all XANES spectra almost completely overlap with each other.) 
 
Therefore, the XANES spectrum of P-DETA-b-CuW was chosen as a representative and 
compared with the XANES spectra of the reference Cu compounds, as shown in Figure 
5.6. In the literature, a very weak peak at 8978-8979 eV was featured as 1s → 3d 
transition in the Cu atomic orbital environment (Kau et al., 1987; Strange et al., 1990). It 
was not clearly identified in Figure 5.6 due to the limited energy resolution of the 
monochromator used in our XAFS instrument at this energy range. The dominant shoulder 
observed at 8986-8987 eV (Feature A, 1s → 4p dipolar transition (Strange et al., 1990; 
Pickering and George, 1995)) and the low intensity shoulder (Feature B, 1s → 4p or 1s → 
continuum resonance (Strange et al., 1990)) suggesting a tetrahedral coordination 
geometry of Cu with N or O ligands (Dupond et al., 2002; Kau et al., 1987; Zippel et al., 
1996). In addition, a shoulder at Feature C suggested the Cu-Cu scattering path (Chen et 
al., 2002; Wu et al., 1997). However, this path was not observed on P-DETA-b-CuW due 
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to the highly disordered polymer matrix. Furthermore, the spectra similarity of the CuO 
(tetrahedral geometry) and P-DETA-b-CuW indicated a structure similarity between them. 
Therefore, the similarities of the XANES spectra of all the nine P-Amine-x-CuW samples 
(Figure 5.5) imply that all the samples probably took the same coordination mechanism 
forming distorted tetrahedral geometries (i.e., coordination number = 4). 




































Figure 5.6 Cu K-edge XANES spectra of P-DETA-b-CuW and the other Cu compounds 
as references, CuO, Cu2O, CuSO4·5H2O, Cu(Ac)2 aqueous solution and Cu(NO3)2 aqueous 
solution.  
 
5.3.6 EXAFS analysis  
The XANES analysis can only provide the information on the coordination structure. 
Hence, Cu K-edge EXAFS analysis is further conducted to provide information on the 
coordination number and bond length of Cu with its neighboring atoms because the 
information can help in the understanding of the adsorption mechanism. The Cu K-edge 
EXAFS spectra of the four types of P-Amine-bs both in k- and R-space are shown in 
Figure 5.7 and the EXAFS-fitting results listed in Table 5.8.  
 142





















































Figure 5.7 k3-weighted Fourier Transform (solid line) of (a) P-EDA-b-CuW, (b) P-DETA-
b-CuW, (c) P-TETA-b-CuW and (d) P-TEPA-b-CuW. The red dotted lines show the fitting 
results by EXAFS, with the parameters listed in Table 5.8 and Table 5.9.  
 
 
Table 5.8 Results of the EXAFS fitting parameters for the four P-Amine-b-CuWs shown 
in Figure 5.7. 
  Coordination number (CN) † and distance (RCu-x)   
P-Amine-b-CuW  Cu-O Cu-N Cu-C   







P-EDA-b-CuW  0.51 1.90 3.35 2.02 4.49 2.87  8.897 
P-DETA-b-CuW  0.73 1.94 3.01 2.01 5.43 2.86  6.595 
P-TETA-b-CuW  0.53 1.92 3.08 2.02 6.77 2.86  6.880 
P-TEPA-b-CuW  0.45 1.91 3.53 2.03 6.87 2.87  8.876 
 
Note: †: The coordination number (CN) for Cu-O and Cu-N denotes the number of O or N 
atoms coordinated with Cu ion; while CN for Cu-C denotes the number of C atom 
surrounding the Cu ion within the detection range of the photoelectron scattering. 
The error ranges (accuracy) of the coordination number (CN) are 10%;  
  




As confirmed by XPS analysis in our previous study (Liu et al., 2006a; Liu et al., 2008), 
Cu ion was mainly coordinated with nitrogen atom from the polyamines immobilized on 
P-Amine-xs. However, for a comprehensive coordination mechanism, the coordination of 
Cu ion with O atom can not be fully excluded, probably due to the presence of water (H2O) 
molecules and their ability to form complex with Cu ions. To differentiate Cu-N and Cu-O 
bonds is sometimes difficult for EXAFS analysis, as N and O atom have similar scattering 
factors. In our effort, a sophisticated data fit was carried out to the bond length range of 
the Cu-O and Cu-N, respectively. According to the literature, the bond lengths of Cu-O 
and Cu-N were mainly in the range of 1.90 – 1.94 Å and 2.00 – 2.04 Å, respectively 
(Alagna et al., 1983; Nomura et al., 1987; Inada et al., 1993; D’Angelo et al., 1998; 
Floriano et al., 2001; Carrera et al., 2004). Therefore, the constraint of 1.90 – 1.94 Å was 
applied to Cu-O bond and the constraint of 2.00 – 2.04 Å was applied to Cu-N bond in this 
study. The fitting coordination number (CN), bond length (R), Debye-Waller factors (σ2), 
threshold energy shift (ΔE0) and residue (Rresidue) for the coordination mechanism from the 
analysis are listed in Table 5.9.  
 
It can be found from Table 5.9 that the Cu-C bond length (distance between Cu and 
neighboring C atom) was in the range of 2.84 – 2.87 Å, being in good agreement with the 
results reported in the literatures (Inada et al., 1993; D’Angelo et al., 1998; Carrera et al., 
2004). In addition, the σ2 values of the Cu-C bonds were all larger than those of Cu-O or 
Cu-N. This is also reasonable as a Cu-C bond has a longer distance than the Cu-O or Cu-N 
bond and therefore may have higher fluctuations and greater static or thermal disorders 




Table 5.9 Results of the EXAFS fitting parameters for the nine P-Amine-x-Cu. 
 
Note:*: Backscatter (Cu-X where X stands for the O, N and C atoms) denotes the X atom 
surrounding the central Cu atom involved in the photoelectron backscattering.  
 
 †: The coordination number (CN) for Cu-O and Cu-N denotes the number of O or N 
atoms coordinated with Cu ion; while CN for Cu-C denotes the number of C atom 
surrounding the Cu ion within the detection range of the photoelectron scattering. 
The error ranges of the coordination number (CN) and the Debye-Waller factor (σ2) 
are 10% 
 
 ‡: The error ranges for bond length (R) are within 0.01 Å.  
 
 
P-Amine-CuW Backscatter* CN† R (Å)‡ σ2 (Å2)† ΔE0 (eV) Rresidue 
       
P-EDA-b-CuW Cu-O 0.51 1.90 0.003587 6.338      8.897 
 Cu-N 3.35 2.02 0.003587 6.338       
 Cu-C 4.49 2.87 0.007565 6.338       
P-DETA-b-CuW Cu-O 0.73 1.94 0.003901 6.249 6.595 
 Cu-N 3.01 2.01 0.003901 6.249  
 Cu-C 5.43 2.86 0.008365 6.249  
P-TETA-b-CuW Cu-O 0.53 1.92 0.003295 6.425 6.880 
 Cu-N 3.08 2.02 0.003295 6.425  
 Cu-C 6.77 2.86 0.008562 6.425  
P-TEPA-b-CuW Cu-O 0.45 1.91 0.004606 6.282      8.876 
 Cu-N 3.53 2.03 0.004606 6.282       
 Cu-C 6.87 2.87 0.008660  6.282       
P-EDA-7-CuW Cu-O 0.74    1.94      0.004514 6.336      8.239 
 Cu-N 3.08     2.01      0.004514 6.336       
 Cu-C 4.78     2.87      0.008394  6.336       
P-DETA-4-CuW Cu-O 0.97    1.90      0.001725 5.539      6.941 
 Cu-N 2.57     2.02      0.001725 5.539      
 Cu-C 5.61     2.84      0.008757  5.539       
P-TETA-3-CuW Cu-O 0.97     1.92      0.002002  6.453      8.069 
 Cu-N 2.43     2.04     0.002002  6.453       
 Cu-C 7.04     2.86      0.009820 6.453       
P-TEPA-3-CuW Cu-O 0.34     1.90    0.004769 6.318     11.28 
 Cu-N 3.54     2.01      0.004769 6.318       
 Cu-C 6.54     2.87      0.008736  6.318       
P-TEPA-5-CuW Cu-O 0.58    1.94      0.005275 6.283      8.102 
 Cu-N 3.40     2.03      0.005275 6.283       
 Cu-C 7.05     2.87      0.009208 6.283       
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The sum of the CN for the Cu-N and Cu-O bonds is close to 4.0 supporting a tetrahedral 
geometry. Therefore, the coordination mechanism determined from EXAFS analysis 
revealed that Cu ion coordinated mainly with both polyamine ligand but also some oxygen 
atoms and formed a tetrahedral geometry, with the Cu-N coordination number at between 
3 and 4 similar to those shown in Column 8 of Table 5.4. It was found from the EXAFS 
results for the selected P-Amine-xs mentioned in Figure 5.4 (a) and (c) that, the CN of Cu-
N for P-DETA-x and P-TETA-x were generally lower than that for P-EDA-x and P-TEPA-
x. These results are consistent with the Cu ion uptake findings mentioned in Figure 5.4 (a) 
and (c). In Table 5.8, for the four P-Amine-bs, the CN values of Cu-N in P-DETA-b and P-
TETA-b are also lower than those in P-EDA-b and P-TEPA-b, following the similar trends 
as the Cu-N coordination number of P-Amine-x. Thus, the EXAFS analysis also supports 
that, in general, DETA- or TETA-immobilized PGMA adsorbents have higher metal ion 
adsorption efficiency than EDA- or TEPA-immobilized ones, in terms of the amount of 
nitrogen atoms or amine groups immobilized.  
 
5.3.7 Implication for Cu ion adsorption performance  
It is clear from previous discussion that both the immobilized polyamine ligand density 
(IPL density) and structure (IPL structure) of P-Amine-bs have an effect on the 
polyamine-Cu ion coordination efficiency. As shown in Table 5.4, the IPL density 
(Column 4) showed a decrease from P-EDA-b to P-TEPA-b. Hence, it was possible for P-
EDA-b to coordinate a Cu ion with two EDA ligands due to the tightly-packed structure of 
the EDA ligands (high density), and therefore possibly with more than 3 nitrogen atoms 
(EXAFS: Cu-N Coord. No.= 3.35) (See Figure 5.9). As the density became lower for the 
P-DETA-b onwards, there was a greater tendency for them to coordinate each Cu ion with 
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only one polyamine ligand due to the spatially scarce number of the polyamine ligands 
available, and it was possible that all the nitrogen atoms in this polyamine ligand were 
involved in the coordination with the Cu ion adsorbed. However, the IPL structure on P-
Amine-b also played an important role in determining the Cu-N coordination chemistry. 
Since a fair portion of the polyamines (Table 5.6 and 5.7) were reacted with epoxy groups 
with the highest number of the nitrogen atoms from P-EDA-b to P-TEPA-b, the freedom 
of the polyamines on the P-Amine-bs became increasingly more constrained. Therefore, 
for P-TETA-b that contains 4 nitrogen atoms in one ligand, 3N-Cu coordination may be 
the predominated form due to the constrained freedom of the ligand (EXAFS: Cu-N Coord. 
No.= 3.08) (See Figure 5.10). For P-TEPA-b which contains one more nitrogen atom in 
the ligands than P-TETA-b, both 3N-Cu and 4N-Cu may be predominating in the 
coordination (EXAFS: Cu-N Coord. No.= 3.53) (See Figure 5.11). As a result, P-DETA-b 
showed the lowest coordination numbers for copper ion coordination and thus the highest 
adsorption efficiency.  
 
The Chem3D Ultra 7.0 in the ChemOffice software package (CambridgeSoft, Cambridge, 
MA, USA, 2001) was further used to illustrate the molecular structures of the Cu-
polyamine coordination on P-Amine-b-Cus. The purpose of using this software is to better 
illustrate the Cu ion adsorption mechanism from the viewpoint of the molecular modeling. 
The molecular model illustrating P-DETA-b-CuW with immobilized polyamine ligand 
entries (IPLE) combination 1-2-5 (from Table 5.7) is shown in Figure 5.8, with the other 
molecular models for P-EDA-b-Cu, P-TETA-b-Cu and P-TEPA-b-Cu shown in Figure 
5.9-5.11, respectively. The molecular modeling shows that in the energy-minimized 
molecule, the polyamine-Cu ion coordination can be stabilized by a local structure of 3 
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nitrogen atoms from the DETA ligand and 1 oxygen atom. Due to the spatial configuration 
of the polymer matrix, the constructed Cu ion local tetrahedral geometry is distorted. 





















                                             
                                                 
 
                 
 
Figure 5.8 Modeling of Cu-DETA coordination on P-DETA-b-CuW surface by Chem3D 
Ultra 7.0 software. The combination of reaction site entries was 1-2-5 shown in Table 5.7 
(The content of the 1-2-5 entries: Entry 1: 3.7%; Entry 2: 22.3%; Entry 3: 74.0%). The left 
figures are molecular modeling of Cu ion coordinated with DETA ligands immobilized on 
PGMA polymers. The right figures are the enlarged figures for Cu ion coordinated with N 
and O atoms all showing a distorted tetrahedral geometry. The pink ball between Cu-N or 












                          
 
Figure 5.9 Molecular modeling of P-EDA-b-CuW (Immobilized Polyamine Ligand Entry 











                      
 
Figure 5.10 Molecular modeling of P-TETA-b-CuW (Immobilized Polyamine Ligand 










                                        
 
Figure 5.11 Molecular modeling of P-TEPA-b-CuW (Immobilized Polyamine Ligand 







5.4 Conclusions  
In this chapter, four different aliphatic polyamines including ethylenediamine (EDA), 
diethylenetriamine (DETA), triethylenetetramine (TETA) and tetraethylenepentamine 
(TEPA) were immobilized on PGMA beads via the factorial design methods. The 
immobilized polyamine was investigated for its density and structure in coordinating Cu 
ion by characterization techniques including potentiometric titration, elemental analysis, 
BET and XAFS (XANES + EXAFS). It was found that as the molecular chain length and 
number of amine increases from EDA to TEPA, the amine contents of the polyamine 
immobilized PGMA increased in the same trend. However, the immobilized polyamine 
ligand’s content and density decreased in a reverse trend. This was probably due to the 
increased steric hindrance of the longer-chain polyamines in the immobilization reaction 
as well as their possibility for each molecule to consume more than one reaction sites on 
the PGMA beads. In addition, experimental data revealed that DETA immobilized PGMA 
showed the best Cu ion adsorption performance among the four aliphatic polyamines. 
XAFS as a supporting evidence revealed that the number of nitrogen atoms coordinated 
with Cu (between 3 and 4 in tetrahedral coordination geometry) followed the sequence of 
DETA < TETA < EDA < TEPA. Therefore, the efficiency of DETA immobilized PGMA in 
Cu ion adsorption was mainly due to its relatively high polyamine density as well as low 
coordination number. The results in this chapter illustrated the strong dependence of heavy 
metal ion adsorption performance on the immobilized polyamine content density and 
structure. In addition, the results indicate that the use of a polyamine ligand with longer 
molecular chains may not always be advantageous for PGMA functionalization to achieve 
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In this chapter, the adsorption selectivity and mechanism of P-DETA towards a number of 
heavy metal ions, Cu, Co, Ni, Zn and Cd ions, were experimentally and analytically 
examined. The P-DETA adsorbent was prepared as in Chapter 5 via the simple one-step 
surface modification of PGMA beads with DETA ligand. Adsorption experiments showed 
a selective sequence of Cu > Co > Ni > Zn > Cd ions on P-DETA in both single species 
and mixed species systems. XAFS analysis was again used to reveal the coordination 
geometry, bond length and coordination number of each metal ion with the DETA group. 
The results indicate that Cu, Ni and Zn ions formed the tetrahedral geometry (four 
coordination) when adsorbed, while Co ion showed an octahedral geometry (six 
coordination). However, the coordination geometry for Cd was not obtained due to the 
lack of references. The EXAFS analysis further confirmed that the ratio of DETA ligand to 
the adsorbed metal ion was 1 for Cu, Ni and Zn ions, while that ratio was 2 for Co ion. 
From the stability constants (in Log K form) of a metal ion-DETA ligand (MLn: where M 
denotes for heavy metal ion, and Ln denotes for n number of Ligand(s)) coordinations, it is 
found that log K (CuL) > log K (CoL2) > log K (NiL) > log K (ZnL) > log K (CdL). This 
stability constant sequence is in good agreement with the experimentally derived 
adsorption selective sequence of Cu > Co > Ni > Zn > Cd ions, indicating that the 
coordination geometry plays an important role in the determination of the adsorption 






6.1 Introduction  
Amine-based adsorbents have been widely used in the application of heavy metal ion 
removal due to their strong chelation properties of the amine functional group to 
transitional metals (Yoshitake et al., 2002; Jeon and Höll, 2003; Deng et al., 2003; Sayari 
et al., 2005; Parajuli et al., 2006; Lam et al., 2006a; Ikeda et al., 2007). Especially, the 
polyamine functionalized adsorbents have received increasing attention due to the 
multiple heavy metal ion-chelation sites in the polyamine ligand. In recent years, many 
studies have been focused on the investigation of adsorption capacity, efficiency and 
selectivity of heavy metal ions with the polyamine functionalized adsorbents (Jeon and 
Höll, 2003; Deng et al., 2003; Atia, 2005; Liu et al., 2008).  
 
The selectivity of the amine-based adsorbent towards heavy metal ions has received 
special attention from both the environmental and economic point of view (Dąbrowski et 
al., 2004; Parajuli et al., 2006; Lam et al., 2006b; Liu et al., 2008). Many different 
approaches have been reported for the investigation of the amine-based adsorbent’s 
selectivity, and the details of these approaches have been discussed in Chapter 2. For 
example, Lam et al. (2006a) studied the selective separation of Ag+ and Cu2+ ions with 
aminopropyl-containing MCM-41 (NH2-MCM-41) using the HSAB principle. In addition, 
Yantasee et al. (2004) revealed the selectivity of NH2-functionalized activated carbon 
(NH2-AC) towards four heavy metal ions by comparing the distribution coefficient (Kd) of 
these metal ions adsorbed on NH2-AC. However, most of the studies focused on the 
selectivity of the single amines which are functionalized on the adsorbents. The 
approaches for the selectivity study of polyamine-functionalized adsorbents towards many 
heavy metal ions have seldom been reported. Chapter 4 studied the selectivity of Cu and 
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Pb ions with P-DETA adsorbent. However, an extensive selectivity study of a series of 
heavy metal ions with P-DETA would be more significant and the selectivity mechanism 
may be of great importance in the determination of the performance of the polyamine 
functionalized adsorbent in the removal and separation of heavy metal ions in real 
industrial wastewaters.  
 
X-ray Absorption Fine Structure (XAFS) analysis has been a useful tool to examine the 
coordination chemistry of the metal-ligand coordination. XAFS can be divided into two 
catergories: XANES and EXAFS analysis, which are mainly used for metal-ligand 
coordination geometry, coordination number and interatomic distance investigation 
(Koningsberger and Prin, 1988). The details have been elaborated in Chapter 2.  XAFS 
analyses have been applied to the heavy metal ion coordination study on adsorbents 
including biomaterial (Dupont et al., 2002), bacteria (Guiné et al., 2006), sediment from 
mining district (Kay et al., 2001), soil particles (Flogeac et al., 2004) and metal oxide 
(Luxton et al., 2008). Most of the adsorbents mentioned above possessed oxygen or sulfur-
containing ligands, and the coordination chemistry of these ligands with heavy metal ion 
have been investigated. However, few studies applied the XAFS analysis on the heavy 
metal ion adsorption with amine ligand-containing adsorbents, and in particular, 
polyamine functionalized adsorbents. Especially, investigation of heavy metal ion 
selectivity of polyamine functionalized adsorbents has not been reported. The relationship 
between the heavy metal ion coordination geometry and heavy metal ion selectivity may 
provide guidelines for the further design of the heavy metal ion selective adsorbents 
functionalized with polyamines. 
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Therefore, the objective of this chapter was to investigate the heavy metal ion selectivity 
of diethylenetriamine (DETA) functionalized adsorbent (P-DETA) towards heavy metal 
ions of Cu, Co, Ni, Zn and Cd using XAFS analysis. PGMA beads prepared in Chapter 4 
were again used as the substrate for DETA functionalization. This chapter is a continuation 
of Chapter 5 and also a continuous effort of our previous works (Chapter 3 and 4) in 
investigating the heavy metal ion adsorption behaviors and mechanisms (Liu et al., 2006a; 



















6.2 Materials and methods 
6.2.1 Materials  
The materials for preparation of P-DETA has been described in Chapter 4 and 5 and 
reported in an early publication (Liu et al., 2008). Heavy metal ion solutions used in the 
adsorption experiments were prepared from copper (II) nitrate [Cu(NO3)2·3H2O, from 
Riedel-de Haën], cadmium (II) nitrate [Cd(NO3)2·4H2O, from ALDRICH], cobalt (II) 
nitrate [Co(NO3)2·6H2O, from ALDRICH], zinc (II) nitrate [Zn(NO3)2·4H2O, from 
MERCK] and nickel (II) nitrate [Ni(NO3)2·6H2O, from MERCK]. Metal ion solutions for 
ICP calibration in the analysis were prepared from 1000 mg/L of the respective metal ion 
solution standards in nitrate forms from Merck. Deionized (D.I.) water was use to prepare 
all solutions in this study.  
 
6.2.2 Batch adsorption study  
The P-DETA adsorbent was prepared using the same method as described in Chapter 5. 
For all the adsorption experiments, 50 mg of the adsorbents was put into 50 mL of a metal 
ion solution in a 60 mL Nalgene® vial under room temperature (23-25oC). The 
concentration of the metal ion solution was determined by Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES, Perkin Elmer Optima 3000DV).  
 
The adsorption isotherm with P-DETA for the single species of heavy metal ions (Cu, Ni, 
Co, Zn or Cd) was carried out with the initial metal concentrations in the range of 0.4 – 
4.0 mmol/L at a constant pH of 5 in the Nalgene® vials. The vials were shaken on a rotary 
shaker at 160 rpm for 24 hours, and the pH of the metal ion solution during the adsorption 
was periodically maintained at pH 5 during the first 3 hours by adding a small amount of 
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0.1M HNO3 solution (The pH adjustment frequency was 20 min/time). The multi-metal 
ion adsorption isotherm was carried out in the same manner as the single-metal ion 
adsorption isotherm, except that multi-metal ion solution (mixture of Cu, Ni, Co, Zn and 
Cd) was prepared in a 50 ml solution with the initial concentrations of 0.4 – 4.0 mmol/L 
for each metal ion, but all five metal ions being at an equal initial concentrations.  
 
Displacement experiments were carried out by one metal ion solution for one metal ion-
loaded P-DETA adsorbent (P-M for short, where M denotes different metal ions) after 
being D.I. water washed (P-MW for short, where M denotes different metal ions and W 
means samples after D.I. water wash). The P-MW used in the displacement experiments 
was directly from the metal ion-loaded P-DETA adsorbents in the isotherm adsorption 
experiments conducted with the initial concentration of a 4.0 mmol/L and subsequently 
washed by D.I. water at pH 5. Then, P-MW was added to 50 mL of 4.0 mmol/L metal ion 
solution with initial pH 5 in a 60 mL of Nalgene® vial and shaken at 160 rpm for 2 hours.  
The combinations of the metal ions with P-MW were as follows: Cu ion with P-NiW, Ni 
ion with P-CoW, Co ion with P-ZnW and Zn ion with P-CdW. After the displacement 
experiments, all the samples were washed with D.I. water at pH 5.  
 
6.2.3 XANES and EXAFS analysis  
XAFS experiments at room temperature were carried out for P-MW samples at the X-ray 
Demonstration and Development (XDD) beamline of the Singapore Synchrotron Light 
Source (SSLS) (Moser et al., 2005). The detailed experimental procedures with the XAFS 
instrument were reported in Chapter 5. The optimum thickness of the samples was 
confirmed after several trials on the XAFS primary measurements with a series of 
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different thickness. The XAFS data at metal K-edge were recorded for P-CuW, P-CoW, P-
NiW and P-ZnW and for P-CdW at Cd LIII-edge, with the edge absorption jump of about 
0.4~1.0. The absorption spectra were collected within -100 to 1000 eV relative to the 
metal K-edge. For the Cd LIII-edge, only XANES spectra were recorded due to the overlap 
with other L-edges. Powders of commercial metal compound samples, together with metal 
foils were measured as the reference samples in transmission mode at the relative metal K- 
or LIII-edges. The reference samples include various oxides, nitrates (in aqueous form) and 
hydroxides, as detailed in Figure 6.3 and 6.4 in this chapter later. The solid reference 
samples were dispersed on Scotch tapes and folded to a certain number of layers till a best 
thickness can be derived. The liquid reference samples were sealed in a thin container 
where the windows on both sides were sealed with tapes. The energy was calibrated by 
assigning the first inflection point of Cu, Co and Ni foil K-edge absorption spectra to 
8980.3 eV (Kau et al., 1987; Boswell et al., 1996), 7709 eV (Kay et al., 2001) and 8333 
eV (Escuer et al., 1997) respectively; by assigning the maximum energy of Zn foil K-edge 
absorption spectrum to 9669 eV (Jacquamet et al., 1998) and by assigning the first peak on 
the edge of the CdO LIII-edge absorption spectrum to 3535 eV (Pickering et al., 1999).  
 
The EXAFS spectra of the P-MWs were analyzed by Winxas 2.3 software (Ressler, 1998). 
The background correction was carried out by linear and two-polynomial fits to the pre-
edge and post-edge region, respectively. The normalized EXAFS oscillations were 
converted to k-space (χ(k) ~ k, where k is the photoelectron wavenumber) and weighted by 
k3 to compensate for the amplitude reduction at higher k values. EXAFS functions were 
extracted by fitting the absorption background at the post edge region with a spine 
function. The k3-weighted EXAFS spectra in k-space were then Fourier transformed into 
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R-space using the Bessel window function (Liu et al., 2006c) and the first two 
coordination shells were isolated. Data fitting were carried out to the filtered shells in R-
space. In doing the fitting, the ΔE0, which is the threshold energy shift, was correlated to 
be equal for all the coordinations. Considering the similar X-ray scattering factors, the 
Debye-Waller factors of σ2 for the M-N and M-O coordinations at the first shell were 
correlated to be equal during the fitting, while the σ2 for M-C at the second shell was left 
to vary. With such constrains applied, it is possible to perform multiple parameter fitting 
on a limited k-space range data. The coordination number (CN), the bond length (R), the 
Debye-Waller factors (σ2) and the threshold energy shift (ΔE0) were derived. The 
theoretical phases and amplitudes for single and multiple scattering paths of the model 
compounds were generated from FEFF 8 calculations (Mustre de Leon et al., 1991; Rehr 
et al., 1991; Rehr et al., 1992), based on the crystallographic data obtained from the 
literature (Fu et al., 2006; Veldman et al., 1996; Wu et al., 2007). The EXAFS model 
fitting for P-CuW has already been discussed in Chapter 5. The amplitude reduction 
factors (S02) was fixed at 0.85 for P-CuW, P-NiW and P-ZnW (Peariso et al., 1998; 
Jacquamet et al., 1998; Strathmann and Myneni, 2005; Voegelin and Kretzschmar, 2005) 
and 0.71 for P-CoW (Yokoyama et al, 1998; Periyannan et al., 2006), determined from the 
fits to model compounds. Due to the LIII-edge overlapping with LII-edge, only the Cd LIII-
edge XANES spectrum was measured. 
 
The normalized P-MW (M: Cu, Co, Ni, Zn and Cd) K-edge or LIII-edge XANES spectra 
of the sample and their reference metal compounds were derived by isolating about 50 eV 
below the adsorption edge and 100 eV above the adsorption edge and applying linear fits 
to both regions.    
 162
6.3 Results and discussion 
6.3.1 Adsorption isotherms of single metal ion species 
To study the metal ion selectivity sequence of P-DETA adsorbent, it is useful to 
investigate the metal ion adsorption performances both in single species system and 
multiple species system under competitive conditions. The metal ion adsorption isotherm 
data fitted with an appropriate model can provide useful information on the maximum 
uptake capacity or adsorption affinity. In this study, the adsorption isotherms of Cu, Co, Ni, 
Zn and Cd ions were investigated, with the results shown in Figure 6.1. In addition, the 
adsorption isotherms for the five metal mixture systems were also investigated. The two 
adsorption isotherm models, Langmuir and Freundlich, were applied to the fitting of the 
isotherms.  
 
The Langmuir and Freundlich isothems, together with the model parameters are described 






CKqq += 1      
(2.1) 
Freundlich isotherm neFe CKq
/1=                       
(2.11) 
 
The non-linear fitting curves of both Langmuir and Freundlich model to the single species 
metal ion adsorption isotherms were also shown in Figure 6.1, with their model 
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Figure 6.1 Single and mixed metal ion species adsorption isotherm with P-DETA for Cu, 
Co, Ni, Zn and Cd ions. For each metal ion in single species adsorption isotherm, C0 = 0.4 
- 4.0 mmol/L, pH = 5; For mixed five metal ion adsorption isotherm, C0 = 0.4 - 4.0 
mmol/L for each metal ion, and all five metal ions were at equal initial concentrations, pH 
= 5. MINEQL+ was used to examine the speciation of the five metal ions and no 
precipitation was formed for each of the metal ion in mixed metal ion species at pH 5.   
Note: qe: equilibrium adsorption uptake; Ce: equilibrium metal ion concentration; C0: 
initial metal ion concentration; adsorption at room temperature (23-25 oC); pH values 
being maintained constant. 
 
Generally, the Langmuir model fitted the metal ion adsorption isotherms better than the 
Freundlich isotherm except for the Cd ion adsorption, which showed lower R2 values from 
the Langmuir than Freundlich model fittings. Nevertheless, the parameters given by the 
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Langmuir model fitting were still used for comparison purpose among the five metal ion 
adsorption performance with P-DETA. It can be seen that the adsorption affinity KL 
followed the sequence of Cu > Co > Ni >> Zn > Cd ions. However, the qm followed a 
different trend of Cu >> Ni > Zn > Cd > Co, with the highest value for Cu ion and lowest 
value for Co ion adsorption. This phenomenon indicates that the maximum metal ion 
uptake may not follow a linear relationship with the adsorption affinity. Other factors, 
such as the metal ion property and the metal ion coordination structure on the surface of P-
DETA can also play an important role in the metal ion uptake properties.  
 
 
Table 6.1 Parameter values of the Langmuir and Freundlich types of adsorption isotherm 
models fitting to the experimental results in Figure 6.1 for Cu, Co, Ni, Zn and Cd ion 
adsorption on the P-DETA-b adsorbents at pH 5. 
 
 
It can also be observed from the mixed metal-ion adsorption isotherm that Cu ion 
adsorption followed the similar isotherm trend as in the single species adsorption system. 
However, other four metal ions were greatly depressed in the mixture system and almost 
no significant adsorption was observed on P-DETA when the isotherm reached 
equilibrium. This phenomenon confirms the highest adsorption affinity of copper ions 
revealed by the Langmuir isotherm model study in the single species system towards P-
DETA adsorbent among the five metal ions studied.  
 Langmuir model  Freundlich model 
 qm KL R2  1/n KF R2 
 mmol/g L/mmol    mmol1-1/nL1/n/g  
Cu ion 1.25 42.6 0.971  0.157 1.14 0.852 
Co ion 0.540 31.4 0.964  0.110 0.504 0.926 
Ni ion 0.711 28.4 0.958  0.159 0.655 0.916 
Zn ion 0.689 4.99 0.977  0.258 0.533 0.922 
Cd ion 0.674 3.90 0.941  0.245 0.498 0.989 
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6.3.2 Mutual displacement of the metal ions in binary system  
The adsorption affinity sequence obtained from the isotherm study clearly showed the 
metal ion selectivity sequence of P-DETA. Mutual displacement experiments between 
metal ion species, similarly as discribed in Chapter 4, were further conducted to support 
the findings through competitive displacement. The displacement experiments were 
designed in such way as shown in Figure 6.2, which depicted four groups of displacement 
experiments between a metal ion and P-MW (a metal ion-adsorbed P-DETA after D.I. 
water wash). One group of displacement experiments, namely, Cu + P-CoW, was taken as 
an example to illustrate the displacement process shown in Figure 6.2. The amount of Co 
ion adsorbed on P-DETA after D.I. water wash (as P-CoW) was 0.55 mmol/g (Bar A, 
Figure 6.2). Then a portion of Co ion from P-CoW (0.09 mmol/g, Bar B) was displaced by 
the adsorption of Cu ion (0.27 mmol/g, Bar C), and the derived adsorbents can be 
regarded as P-CoW-Cu, with the rest of Co ion remained to be 0.46 mmol/g (Bar D). 
Further D.I. water wash of P-CoW-Cu will remove a small amount of Cu ion (adsorbent 
thus denoted as P-CoW-CuW, with the Cu ion remained to be 0.23 mmol/g (Bar E)), while 
almost all the remaining Co ion (0.46 mmol/g, Bar F) stayed intact on the adsorbent. 
Besides the Cu + P-CoW group, other groups including Co + P-NiW, Ni + P-ZnW and Zn 
+ P-CdW all showed similar displacement phenomena. In summary, it can be found from 
Figure 6.2 that, a metal ion which is adsorbed on and has less affinity towards the P-DETA 
adsorbent (denoted as weaker metal ion), can be readily displaced by another metal ion 
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Figure 6.2 Four groups of displacement experiments between a metal ion and P-MW (a 
metal ion-adsorbed P-DETA after D.I. water wash) at pH5. The groups are Cu + P-CoW, 
Co + P-NiW, Ni + P-ZnW and Zn + P-CdW. The stronger and weaker metal ions refer to 
those that have stronger or weaker adsorption affinity towards P-DETA adsorbent. The 
shadows in some of the columns refer to the amount of metal ions adsorbed after D.I. 
water wash. The stronger metal ions for the displacement with P-MW in each group were 
all with 4 mmol/L concentration in the solution at pH 5 for the displacement experiment.  
 
The above displacement phenomena therefore suggested an adsorption affinity sequence 
of Cu > Co > Ni > Zn > Cd with P-DETA, which was the same as that derived from the KL 
values of the Langmuir isotherm model fitting in the single metal ion species system. It 
should be noted here that the KL sequence from the Langmuir model acted only as a guide 
for our design of the displacement experiments. Other possible combinations of 
displacement groups have also been investigated (e.g., Ni + P-CuW was tried and there 
was no displacement phenomenon observed with this combination). Therefore, the 
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adsorption selectivity sequence for P-DETA was confirmed to be Cu > Co > Ni > Zn > Cd 
ions. It was also found in Figure 6.2 that the amount of displaced metal ion is less for the 
groups of Cu + P-CoW and Co + P-NiW, as compared with the groups of Ni + P-ZnW and 
Zn + P-CdW. This is also in good accordance with the results from the Langmuir model 
fitting which shows that KL values of Zn and Cd are much lower than KL values of Cu, Co 
and Ni. Such phenomenon indicated that Zn and Cd ions have much weaker affinity with 
P-DETA than Cu, Co and Ni ions.  
 
6.3.3 XANES analysis  
XANES was again used to investigate the oxidation state and coordination geometry of 
the metal ions in their coordination with P-DETA (Zhou et al., 2007; Giorgetti et al., 2005). 
In Figure 6.3 for P-CuW K-edge XANES spectrum, the shoulder observed at 8986-8987 
eV of the absorption edge and the maximum intensity shoulder (intensity lower than the 
hexagonal Cu(NO3)2 aq. XANES spectrum) suggested a tetrahedral coordination geometry 
of Cu by nitrogen or oxygen-containing ligands (Kau et al., 1987; Zippel et al., 1996; 
Dupont et al., 2002), as was already explained in Chapter 5.  
 
For P-NiW and P-ZnW K-edge spectra, the maximum adsorption of both shows a lower 
intensity by about 0.2 units than those of Ni(NO3)2 aq. and Zn(NO3)2 aq., respectively. 
Since Ni and Zn nitrates form octahedral complexes (six-fold coordinated with water 
molecule) in aqueous solution, it is reasonable to suggest that P-NiW and P-ZnW have a 
lower (four or five) metal-ligand coordination (Carriat et al., 1998). In addition, the 
resembling of the P-ZnW K-edge XANES with ZnO suggests that P-ZnW is probably in a 
tetrahedral geometry, with four-coordination environment similar to that of ZnO (Escuer et 
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al., 1997). For P-CdW LIII-edge XANES spectra, the peak at 3535 eV is characteristic of 
oxygen- or nitrogen-coordinated Cd species (Pickering et al., 1999). Indeed, this peak was 
also observed on CdO and Cd(NO3)2 aq. samples shown in Figure 6.3, both of which 
owned octahedral geometry (Karlsson et al., 2005; Pokrovsky et al., 2008). In addition, the 
maximum adsorption intensity of the P-CdW LIII-edge XANES spectrum was similar to 
that of CdO and Cd(NO3)2 aq. samples. These observations indicate that P-CdW probably 
showed the same octahedral geometry as CdO and Cd(NO3)2 aq.. Due to a lack of 
literature evidence, the coordination geometry of P-CdW was not well understood from 
the XANES analysis.  
 
 



































































































































          
 
Figure 6.3 Cu, Ni and Zn K-edge XANES spectra for P-CuW, P-NiW and P-ZnW 
respectively, and Cd LIII-edge XANES spectrum for P-CdW. The corresponding reference 




The K-edge XANES spectrum of P-CoW deserved more attention due to the information 
it provided on both the oxidation state and the coordination geometry. Unlike the P-MW 
XANES spectra (M: Cu, Ni and Zn) which showed +2 oxidation state due to the 
maximum absorption energy almost the same as their nitrate compounds in solution 
(Figure 6.3) (Davidson et al., 2001), P-CoW shows a largest chemical shift (7728 eV) 
which is between those of Co(OH)2 (7725 eV) and Co3O4 (7731 eV) (Kay et al., 2001; 
Vrålstad et al., 2005) (Figure 6.4). This observation suggests a partial Co valence from +2 
to +3 (Yokoyama et al., 1998; Kay et al., 2001; Davidson et al., 2001), probably due to the 
oxidation by the oxygen in the air, since bivalent cobalt compounds are not stable in air. 
This is probably due to the exposure of the Co ion adsorption experiment to the 
atomsphere during the periodical addition of nitric acid for the maintainence of pH values. 
Another feature is the pre-edge region which shows a very weak peak, but still discernable, 
at the energy of 7710 eV (Inset of Figure 6.4). This peak was assigned to the 1s Æ 3d 
quadrupole (usually hybridized with 4p) transitions (Vrålstad et al., 2005, Giorgetti et al., 
2005). This pre-edge peak is a fingerprint of the local geometry of the absorber and it is 
more significant for a non-centro-symmetric geometry (like tetrahedral), and usually show 
a minimal intensity for octahedral geometry (Davidson et al., 2001). The reason is that the 
transition is usually forbidden in centrosymmetric structure (octahedral geometry) but 
allowed in non-centrosysmmetric structure (tetrahedral geometry) (Vrålstad et al., 2005; 
Roux et al., 1996; Davidson et al., 2001). In the inset of Figure 6.4, the peak at 7110 eV 
(1s Æ 3d transition) gained higher intensity for Co3O4 than P-CoW. Since one third of Co 
ion is in tetrahedral geometry and two thirds of Co ions are in octahedral geometry in the 
inverse spinel structure of Co3O4 (Vrålstad et al., 2005), the much lower intensity of the 
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peak at 7110 eV for P-CoW suggests that most of the Co ions on P-CoW show an 
octahedral geometry. It should be noted here that this pre-edge peak was not clearly 
observed for P-MW XANES spectra (M: Cu, Ni and Zn) but only for P-CoW, due to the 
more filled 3d orbitals of the other elements. Co(II) (d6) or Co(III) (d7) are more empty in 
the d orbitals than Ni(II) (d8), Cu(II) (d9) and Zn(II) (d10), thus offering more vacant sites 
distributed in the degenerated t2g and eg* molecular orbitals (* denotes anti-bonding 
orbitals) (Roux et al., 1996). For Zn(II) (d10) with fully filled d orbitals, such transition 
was not allowed.  
 
  











































Figure 6.4 Co K-edge XANES spectrum for P-CoW, with the Co reference compounds 
listed in the figure.  
 
6.3.4 EXAFS analysis   
EXAFS analyses can provide information on coordination number and bond length of the 
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metal-ligand coordination environment (Tiemann et al., 1999). In this chapter, we applied 
the similar method described in Chapter 5 for the fitting of the M K-edge EXAFS spectra 
in R-space by applying constraints to M-O and M-N bond lengths (M: Co, Ni and Zn). 
The results of P-CuW EXAFS fitting were directly cited from Chapter 5. For both P-NiW 
and P-ZnW, the M-O and M-N were constrained to 1.95 – 2.05 Å and 2.05 – 2.15 Å, 
respectively (Yamada et al., 1993; Escuer et al., 1997; Jacquamet et al., 1998; Razak et al., 
2000; Garcia et al., 2004; Grady et al., 2004; Strathmann and Myneni, 2005; Guiné et al., 
2006). In addition, the M-O and M-N for P-CoW were constrained to 1.80 – 1.90 Å and 
1.90 – 2.00 Å, respectively (Fritch et al., 1973; Maderová et al., 2003; Giorgetti et al., 
2005; Fu et al., 2006). Such bond length ranges were selected according to the literature 
data cited above. The metal K-edge EXAFS spectra of the five P-MWs both in k- and R-
space were shown in Figure 6.5. The fitted coordination number (CN), bond length (R), 
Debye-Waller factors (σ2), threshold energy shift (ΔE0) and residue (Rresidue) were listed in 
Table 6.2. It can be found that the M-C bond lengths in the range of 2.80 – 3.00 Å are in 
good agreement with the results reported in the literatures (Escuer et al., 1997; VanZile et 
al., 2000; Maderová et al., 2003; Garcia et al., 2004; Fu et al., 2006; Karlsson and 
Skyllberg, 2007). In addition, shortened Co-O and Co-N bond lengths were observed due 
to the partial increase of the Co oxidation states from +2 to +3 (Giorgetti et al., 2005), 
since the Co-O bond length is closely associated with the Co valence. The Debye-Waller 
factors are given relative to the standard references which the phase shift and background 
scattering amplitude were extracted, so some negative values were obtained. The sum of 
the Cu-N and Cu-O average CN, which can be regarded as the total coordination number, 
was also listed in Table 6.2 as the CNM-N/O. The CNM-N/Os for P-CuW, P-CoW, P-NiW and 
P-ZnW were 3.74, 6.19, 4.66 and 4.02, respectively. The CNM-N/Os were consistent with 
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the XANES analysis in that the metal ion is tetrahedrally coordinated with ligands for P-
CuW and P-ZnW. The CNM-N/Os of 4.66 for P-NiW showed that both four- and five-
coordination environment existed for Ni ion, which is also in accordance with the XANES 
data. Especially, the CNM-N/Os of 6.19 for P-CoW supported the XANES analysis that Co 


















































R (Å)k (Å-1)  
Figure 6.5 k3-weighted metal ion EXAFS spectra in k- (left-hand side) and R-space (right-
hand side). The EXAFS spectra in R-space showed black solid line for P-CuW, P-CoW, P-
NiW and P-ZnW, respectively. The red dotted lines showed the fitting results, with the 




Table 6.2 Results of the EXAFS fitting parameters for P-MW. 
 
Note: †: The error ranges (accuracy) of the coordination number (CN) and the Debye-
Waller factor (σ2) are 10%; ‡: the error ranges (accuracy) for bond length (R) are within 
0.01~0.02 Å. *: CNM-N/O is the sum of CN of M-O and M-N.  
 
6.3.5 Selectivity and stability constant  
A careful examination of the CNs for M-N (M: Cu, Co, Ni and Zn) showed the decreasing 
sequence of P-CoW (4.10) > P-CuW (3.01) > P-NiW (2.84) > P-ZnW (2.09) (Table 6.2). 
However, the CNs for P-CuW and P-NiW may be regarded similar due to the error ranges 
(accuracy) of the CN which is 10% in Table 6.2. The P-DETA used in this adsorption 
study contained diethylenetriamine (DETA) ligands comprising three nitrogen atoms, with 
its structure reported in Chapter 5. Therefore, both the CNs determined by EXAFS and the 
coordination geometry determined by XANES of the metal ion-adsorbed P-DETA 
suggested that Cu, Ni and Zn ions coordinated with one DETA ligand. In contrast, Co ion 
coordinated with two DETA ligands, involved four or five nitrogen atoms from the two 
ligands participated in the coordination with the Co ions. As our aim is to investigate the 
selectivity sequence from the coordination structure, the stability constant of the DETA 
P-MW Bond Type CN† R (Å)‡ σ2 (Å2)† CNM-N/O* Rresidue 
P-CuW Cu-O 0.7 1.94 0.0039 3.7 6.6 
 Cu-N 3.0 2.01 0.0039   
 Cu-C 5.4 2.86 0.0084   
       
P-CoW Co-O 2.1 1.85 0.0001  6.2 6.4 
 Co-N 4.1     1.97     0.0001   
 Co-C 6.1      2.81    0.0048   
       
P-NiW Ni-O 1.8      2.01    -0.0005 4.7 11.6 
 Ni-N 2.8     2.14     -0.0005   
 Ni-C 8.4     2.90    0.0097   
       
P-ZnW Zn-O 1.9     2.00      0.0036    4.0 7.5 
 Zn-N 2.1     2.15        0.0036      
 Zn-C 5.3     2.93   0.0097    
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compounds with heavy metal ions were cited from the literature (Smith and Martell, 1975) 
and listed in Table 6.3. Both the stability constant for ML and ML2 (M: metal ions; L: 
diethylenetriamine ligand) were listed, as was shown below.  
 
Table 6.3 Stability constant values (in Log K form) of diethylenetriamine (DETA) with Cu, 
Co, Ni, Zn, Cd and Pb ion coordinative complex. 
DETA ligand Metal Ion 
Parameter Cu2+ Co2+ Ni2+ Zn2+ Cd2+ Pb2+ 
Stability Constant with DETA† 







8.8 8.05 8.50 
Stability Constant with DETA† 





14.3 13.84 10.37 
Absolute Electronegativity* 28.6 25.3 26.7 28.8 27.2 23.5 
 
* Parr and Pearson, 1983; Miessler and Tarr, 2004. 
 
† Smith and Martell, 1975. 
 
‡ M denotes metal ions, and L denotes diethylenetriamine (DETA) compound ligand. ML 
and ML2 denote one metal ion complexed with one or two DETA ligands, respectively. 
The stability constant is measured at 25oC at 0.1M ionic concentration. 
 
The results in Table 6.3 indicate that the stability constant is higher for metal ion 
coordinated with two ligands than with one ligand. With the corresponding DETA / metal 
ion ratio determined from XAFS analysis for each metal ion, the metal ion selectivity 
sequence of P-DETA was in good correlation with the metal ion stability constant 
sequence in the Log K form. In other words, with the corresponding DETA / metal ion 
ratio, the decreasing metal ion stability constant sequence with DETA: Cu2+ (ML: 15.9) > 
Co2+ (ML2: 13.9) > Ni2+ (ML: 10.5) > Zn2+ (ML: 8.8) > Cd2+ (ML: 8.05) can well explain 
the metal ion selectivity sequence of P-DETA. In addition, this metal ion stability constant 
sequence was also consistent with the affinity constant KL values derived from the 
Langmuir model fitting of the adsorption isotherm data (Table 6.1). Although the 
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coordination environment for Cd on P-CdW was not well understood in this study, the 
coordination of Cd ion with one DETA ligand on P-CdW can be suggested due to the 
displacement experiment phenomena and the derived selectivity trend for P-MW (M: Cu, 
Co, Ni and Zn ions). Therefore, it can be concluded that the coordination structures of P-
DETA with metal ions were closely related to the selectivity sequence of P-DETA towards 
those metal ions, mainly due to the different stability constants of those metals with the 
DETA ligand.  
 
In Chapter 4, the selectivity of Cu ion over Pb ion with P-DETA was mainly accounted for 
by the large difference of the electronegativity (Liu et al., 2008). Indeed, electronegativity 
has been identified as the main reason for the heavy metal ion selectivity with the amine 
functionalized adsorbents (Lam et al., 2006b; Tai and Lim, 2006; Ikeda et al., 2007). 
While electronegativity can be one of the factors for the explanation of the heavy metal 
ion selectivity, it was not always applicable. For example, in this chapter, the 
electronegativity values shown in Table 6.3 may not well explain the selectivity sequence 
of Cu > Co > Ni > Zn > Cd ions. This may be due to the fact that the selectivity of heavy 
metal ions with adsorbents may depend on more than one factor, such as HSAB rule, 
metal ion coordination geometry, pore size of the adsorbent, etc. The study in this chapter 
thus expanded our view in the dependence of heavy metal ion adsorption selectivity on the 







This chapter investigated the adsorption selectivity of P-DETA adsorbent for a number of 
heavy metal ions including Cu, Co, Ni, Zn and Cd ions. It was found from the adsorption 
isotherm and displacement experiments that the selectivity sequence of P-DETA to the 
five metal ions followed the order of Cu > Co > Ni > Zn > Cd ions. This selectivity 
sequence was consistent with that of the corresponding affinity constants derived from the 
Langmuir isotherm model fitted to the adsorption isotherm data from the single species 
adsorption systems. XANES analysis showed a four coordination geometry for Cu, Ni (or 
five coordination) and Zn ions adsorbed on P-DETA-b (denoted as P-CuW, P-NiW and P-
ZnW) while a six coordination geometry for Co ions (denoted as P-CoW). EXAFS 
analysis revealed a 1:1 DETA ligand / metal ion ratio for P-CuW, P-NiW and P-ZnW 
while 2:1 ratio for P-CoW, thus supporting the XANES analysis results. With the same 
ratios, the stability constants of metal ion-DETA complexes followed: log K (CuL) > log K 
(CoL2) > log K (NiL) > log K (ZnL) > log K (CdL) (where Ln denotes n number of ligands). 
The consistence of this sequence with the selectivity sequence determined from 
experiments indicated that the coordination geometry of a metal ion on the amine-based 
adsorbents plays an important role in the selectivity of the adsorbent towards different 


































7.1 Conclusions  
This study investigated polyamine functionalized PGMA beads as an adsorbent for heavy 
metal ion removal, focused on adsorption performance, selectivity and mechanism. Four 
types of aliphatic polyamines were examined as the ligands and their influence on the 
immobilized amount, content and density on PGMA beads and on different heavy metal 
ion adsorption were investigated.  
 
In the first part of the study, PGMA beads were prepared through the suspension 
polymerization method. Through the reaction between the amine group of 
diethylenetriamine (DETA) and the epoxy group of PGMA, DETA was successfully 
grafted onto PGMA beads with a high amine content. The resultant adsorbent (denoted as 
PGMA-DETA) showed excellent adsorption performance for copper ions at higher pH 
values in the pH range of 1-6 examined. The adsorption isotherm data was best fitted with 
the Langmuir-Freundlich model, showing a maximum adsorption capacity of 1.5 mmol/g 
at pH=5. In addition, the adsorption kinetic was adequately described by the pseudo-
second-order kinetic model, indicating a chemisorption process. Desorption experiments 
revealed that a 0.1 M HNO3 solution achieved a much higher desorption efficiency and 
faster desorption kinetics than other concentrations. Furthermore, repeated Cu ion 
adsorption-desorption experiments demonstrated the effectiveness of the adsorbents for 
multiple uses. XPS and FTIR investigation showed that Cu ion formed surface 
complexation with the amine groups on PGMA-DETA. However, the prepared PGMA-
DETA beads in this part were found to have irregular or broken ones. This was attributed 
to the relatively low mechanical strength of the PGMA beads. Thus, it was motivated to 
prepare PGMA beads through an improved suspension polymerization method with the 
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use of a monomer cross-linker to improve the mechanical strength.  
 
The PGMA beads through the improved suspension polymerization method were prepared 
and surface functionalized with DETA (again denoted as P-DETA). The obtained P-DETA 
adsorbents were spherical and more porous than those in the first part. As a continuity step 
of the previous study, the prepared P-DETA was investigated for the selective adsorption 
behaviors and mechanisms to Cu and Pb ions. The results showed that Cu and Pb ions 
were both significantly adsorbed by P-DETA when either of them was present (single 
system) in the solution. However, when both the Cu and Pb ions were present (binary 
system), P-DETA showed excellent selective adsorption towards Cu ions over Pb ions. 
XPS analyses revealed that more nitrogen atoms on P-DETA formed coordination with the 
adsorbed Cu ions than with Pb ions. Besides, Pb ions were found to be adsorbed on P-
DETA with weak bondings or probably even through physical attachment. The 
electronegativity property of Cu and Pb ions, among other properties, can be used to 
explain the selective adsorption behavior.  
 
After the investigation in heavy metal ion adsorption efficiency and selectivity on DETA 
functionalized PGMA adsorbents, study was extended to the investigation of other 
different aliphatic polyamine functionalized adsorbents for heavy metal ion adsorption. 
PGMA beads were functionalized with ethylenediamine (EDA), diethylenetriamine 
(DETA), triethylenetetramine (TETA) and tetraethylenepentamine (TEPA), i.e., ligands 
with increased amine numbers and molecular chain length. It was found that the specific 
content and density of the immobilized polyamine ligands did not follow the same 
increasing trend as the molecular chain length or amine numbers from EDA to TEPA. This 
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was probably due to the increased steric hindrance from EDA to TEPA for the surface 
immobilization on PGMA beads. In addition, the structure of the immobilized polyamines 
coordinated with Cu ions was examined by potentiometric titration and XAFS (XANES + 
EXAFS). It was found that the number of nitrogen atoms coordinated with Cu (between 3 
and 4 in tetrahedral coordination geometry) followed a sequence of DETA < TETA < EDA 
< TEPA. As a result, DETA functionalized PGMA showed the best Cu ion adsorption 
performance, attributed to its relatively high polyamine density and low coordination 
number. The results suggest that polyamine with higher amine numbers and longer 
molecular chain may not always be beneficial in surface functionalization of an adsorbent 
for heavy metal ion adsorption, because the adsorption performance is dependent on the 
ligand density as well as the structure of the immobilized ligands.   
 
Another area in developing polyamine functionalized PGMA adsorbent is to investigate 
the adsorbent selectivity to various heavy metal ions, especially those with similar 
molecular weights and properties that are difficult to be effectively separated. The early 
study has demonstrated that the DETA functionalized PGMA (P-DETA) had good 
adsorption performance for copper ion and showed excellent adsorption selectivity to Cu 
ions over Pb ions. Hence, P-DETA was further used for the adsorption selectivity 
investigation to a number of heavy metal ions including Cu, Co, Ni, Zn and Cd ions. The 
selectivity sequence of P-DETA determined with the five metal ions from displacement 
experiments followed the order of Cu > Co > Ni > Zn > Cd ions. This was also supported 
by the affinity constant sequence of the five metal ions obtained from the Langmuir 
isotherm model fitted to the single metal ion adsorption isotherm data. XANES and 
EXAFS analyses revealed the ratio of DETA ligand / metal ion to be 1:1 for Cu, Ni and Zn 
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ions coordinated with P-DETA, and 2:1 for Co ions. With the same ratios, the stability 
constants of metal ion-DETA complexes followed: log K (CuL) > log K (CoL2) > log K 
(NiL) > log K (ZnL) > log K (CdL), where Ln denotes n number of ligands. The 
consistence of this sequence with the selectivity sequence determined from experiments 
indicated that, the coordination geometry of metal ions plays an important role in the 
selectivity of the adsorbent towards different metal ions. Although the early study showed 
that the electronegativity was a major factor affecting the adsorption selectivity of Cu over 
Pb ions on P-DETA, as concluded in other studies in the literature, the electronegativity 
may not well account for the selectivity sequence of the five metal ions with P-DETA in 
this part of study. This is due to the process being controlled mostly probably by multiple 
factors such as electronegativity, coordination geometry, pore size of the adsorbent, etc. 
The results in this part of study hence provided deeper knowledge and added insight to 
previous work in terms of heavy metal ion selective adsorption with polyamine 
functionalized PGMA adsorbents.  
 
7.2 Recommendations and future work 
The efficient and selective adsorption of heavy metal cations with polyamine 
functionalized PGMA adsorbents has been comprehensively studied and discussed in this 
study in Chapters 3 and 4. However, the adsorption of metal anions (e.g., CrO42-) may be 
investigated in the future work. The reason is that polyamine groups not only have 
chelation properties for heavy metal cations such as Cu and Ni ions, but also protonation 
ability (e.g., R-NH3+). The protonated polyamine groups can be possibly used for the 
adsorption of metal anions through the electrostatic interaction. The chelation properties of 
the polyamine groups may also play a role, depending on the oxidation state of the metal 
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anions. Factors influencing the protonation of polyamines, such as pH and ionic strength, 
may be studied for the best adsorption performance of the target metal anions. In this way, 
the application of removing heavy metal ions would be further extended for the polyamine 
functionalized PGMA adsorbents.  
 
The study in Chapter 5 focused on the dependence of heavy metal ion adsorption 
performance on the immobilized polyamine properties, and finally a conclusion was 
drawn on that the DETA functionalized PGMA adsorbent showed the best Cu ion 
adsorption performance. Future research work can be directed to other metal ions using 
the same method mentioned in Chapter 5, to determine the most efficient polyamine 
functionalized PGMA adsorbents. In this way, a library of the relationships between 
specially immobilized polyamines and different heavy metal ions for the best adsorption 
performance can be established. This will help future research and applications for heavy 
metal ion removal with polyamine functionalized adsorbents.  
 
The study in Chapter 6 explored the dependence of heavy metal ion selectivity on the 
coordination geometry of heavy metal ions with the immobilized polyamines. It can be 
concluded that, heavy metal ion selectivity is in good correlation with the stability 
constant of the ligand-metal coordination, provided that the ratio of polyamine ligand / 
coordinated heavy metal ion is known. The research work can be expanded to a wide 
range of heavy metal ions, with their stability constant for their coordination with known 
ligands in the literature. Therefore, with the selectivity sequence derived from the 
adsorption experiments and the known stability constant, the metal-ligand coordination 
geometry may be determined. This may provide information on the nature of the metal-
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ligand coordination in a microscopic level. Furthermore, it will assist in the design of the 
polyamine functionalized adsorbents to achieve enhanced selectivity for the separation of 
a specific heavy metal ion from others.  
 
In this study, the polyamines studied only include four different types, namely, EDA, 
DETA, TETA and TEPA. With the known heavy metal ions to be adsorbed or selectively 
separated, the design of the polyamine functionalized adsorbent can be derived based on 
the analysis in Chapter 5 or 6. However, in order to achieve a high adsorption capacity and 
high efficiency, more polyamine groups may be immobilized. Future work can be directed 
to a two-step immobilization. First, a long polymer chain is grafted on PGMA beads by 
reaction with the epoxy groups. Then, the polyamines are immobilized on the long 
polymer chains. It is expected that both the adsorption capacity and selectivity may be 
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